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A quite general device analysis method that allows the direct evaluation of optical and

recombination losses in crystalline silicon (c-Si)-based solar cells has been developed. By applying

this technique, the current loss mechanisms of the state-of-the-art solar cells with �20% efficiencies

have been revealed. In the established method, the optical and electrical losses are characterized

from the analysis of an experimental external quantum efficiency (EQE) spectrum with very low

computational cost. In particular, we have performed the EQE analyses of textured c-Si solar cells

by employing the experimental reflectance spectra obtained directly from the actual devices while

using flat optical models without any fitting parameters. We find that the developed method provides

almost perfect fitting to EQE spectra reported for various textured c-Si solar cells, including c-Si

heterojunction solar cells, a dopant-free c-Si solar cell with a MoOx layer, and an n-type passivated

emitter with rear locally diffused solar cell. The modeling of the recombination loss further allows

the extraction of the minority carrier diffusion length and surface recombination velocity from the

EQE analysis. Based on the EQE analysis results, the current loss mechanisms in different types of

c-Si solar cells are discussed. Published by AIP Publishing. https://doi.org/10.1063/1.4997063

I. INTRODUCTION

Pyramid-shaped textures with sizes of 5–10 lm are gen-

erally incorporated into crystalline silicon (c-Si) solar cells

to suppress the front light reflection and thus to enhance the

light absorption in the devices.1,2 The large textures formed

on the front and rear surfaces of the c-Si, however, compli-

cate the optical analysis significantly, making the determina-

tion of the current loss mechanisms within the devices quite

challenging.

The difficulty of performing the explicit optical charac-

terization arises particularly from the randomness of the

pyramid textures, formed generally by alkaline wet etching

of c-Si (100) wafers.1–3 So far, to characterize the light trap-

ping properties of various c-Si textures, a computer-intensive

ray tracing technique has been applied.1,4–11 However, the

calculation cost of this approach is relatively high, and there

is still a strong need for the development of a novel optical

simulator that can be employed for the fast characterization

of textured c-Si devices within a few seconds.

Such a technique is critical for the efficient optimization

of c-Si heterojunction solar cells with hydrogenated amor-

phous silicon (a-Si:H) and transparent conductive oxide

(TCO) layers, which exhibit large unfavorable parasitic

absorption.9–13 In addition, the effect of the carrier recombi-

nation appears clearly in the external quantum efficiency

(EQE) spectra of c-Si solar cells.14 Accordingly, all the opti-

cal and recombination losses in the solar cells can be

assessed quantitatively based on the EQE analysis if the

proper analysis method is established.

In our previous study,15–17 we have established an EQE

analysis technique in which reflectance spectra obtained

experimentally are used, assuming flat optical models within

the framework of the optical admittance method.18 This

method provides excellent fittings to numerous EQE spectra

reported for Cu(In,Ga)Se2,15 Cu2ZnSn(S,Se)4,17 and hybrid

perovskite16,19 solar cells, enabling the accurate characteri-

zation of the current loss mechanisms in these devices.

In this study, to reveal the optical and physical limiting

factors of various c-Si-based solar cells, we have developed

a global EQE analysis method in which the light absorption

in the c-Si with a random texture is assessed using the exper-

imental reflectance spectrum while assuming a perfectly flat

optical model. By this procedure, the EQE calculations of

the textured structures are simplified drastically. To repro-

duce the incoherent light absorption observed in thick c-Si

wafers, a calculation scheme has also been established. As

characterization examples, we present the EQE analyses for

(i) c-Si heterojunction solar cells,9,14,20 (ii) a dopant-free c-Si

solar cell,21 and (iii) an n-type passivated emitter with rear

locally diffused (PERL) solar cell.22 We have further devel-

oped recombination analysis that can be incorporated into

the above EQE analysis. From our approach, all the reflec-

tion, parasitic absorption, and recombination losses in c-Si

solar cells can be evaluated systematically.

II. EXPERIMENTAL DATA

A. Solar cells

In this study, the EQE spectra of high-efficiency c-Si solar

cells reported earlier9,14,20–22 have been analyzed. Figure 1

shows the structures of the c-Si solar cells analyzed by the

developed EQE analysis method: flat c-Si heterojunction solara)Author to whom correspondence should be addressed: fujiwara@gifu-u.ac.jp.
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cells with (a) single-hetero (SH) and (b) double-hetero (DH)

structures,14 (c) a textured a-Si:H/c-Si heterojunction solar

cell,20 (d) a textured dopant-free MoOx/c-Si solar cell,21 and

(e) a textured n-type PERL solar cell.22 In this figure, the layer

thicknesses of the solar-cell component layers used in the EQE

analyses are also indicated. These values were adopted from

the descriptions in the references. In the analyses of Figs. 1(c)

and 1(d), however, the a-Si:H layer thicknesses were adjusted

slightly to obtain the better matching with the experimental

results, and the original thicknesses are shown inside the paren-

theses in Fig. 1. In Table I, the short-circuit current density

(Jsc), open-circuit voltage (Voc), fill factor (FF), and conversion

efficiency of the above solar cells, determined from the current

density-voltage characteristics, are summarized.

In the solar cells of Figs. 1(a) and 1(b), hydrogenated

amorphous silicon oxide (a-SiO:H) layers are introduced,23

to suppress the detrimental epitaxial growth of an intended

a-Si:H layer on c-Si.24 In Table I, Jsc of the SH a-SiO:H/c-Si

solar cell is lower, compared with the DH structure, due to

the lack of a back surface field (BSF) structure.

In the textured a-Si:H/c-Si solar cell in Fig. 1(c), Jsc

increases, compared with the flat solar cell. For a textured a-

Si:H/c-Si solar cell, a high efficiency of 24.7% has been

reported, although the exact structure of this device is not

clear.25 In the dopant-free solar cell [Fig. 1(d)], a high work

function MoOx layer is employed as a front contact layer,

whereas a LiF tunneling layer is provided as a rear contact

layer.21 In this solar cell, the Jsc loss caused by the a-Si:H p

layer in Fig. 1(c) is eliminated, although the a-Si:H i layer is

still necessary to maintain high Voc.
21 Moreover, to suppress

the free carrier absorption in TCO layers,26 the front TCO of

this solar cell has a bilayer structure27 consisting of a high-

mobility In2O3:H (IOH) layer28,29 and a conventional

In2O3:Sn (ITO) layer. The ITO layer in this device has been

provided to reduce contact resistance.27

In the PERL solar cell [Fig. 1(e)], SiNx antireflection

and Al2O3 passivation layers are formed on a surface texture

with inverted pyramids.22 This solar cell shows higher Jsc

than those of the heterojunction cells due to the absence of

the TCO and a-Si:H-based layers. However, Voc of the PERL

cell is smaller, particularly when compared with a record-

efficiency a-Si:H/c-Si solar cell (Voc¼ 743 mV),30 as the het-

erointerface suppresses the interface recombination and the

saturation current density effectively.12,13

B. Optical constants of solar cell materials

For all the optical analyses in this study, the optical con-

stants of c-Si reported by Herzinger et al.31 were adopted,

whereas the optical data of the Al and Ag rear electrodes

were taken from Refs. 32 and 33, respectively. In the analy-

ses of the a-SiO:H/c-Si solar cells [Figs. 1(a) and 1(b)], the

optical constants of ITO (Ref. 26) and a-SiO:H (Ref. 34),

extracted from samples fabricated using similar growth con-

ditions, were used. In particular, the optical carrier concen-

tration (Nopt) of the front and rear ITO layers in the devices

is 5� 1020 cm�3.13,26 The O contents of the a-SiO:H layers

in the solar cells are 7 at.% (p and n layers) and 4 at.%

(i layer).14

For the textured a-Si:H/c-Si solar cell in Fig. 1(c), the

optical constants of the a-Si:H and ITO layers incorporated

into the solar cells have been characterized by spectroscopic

ellipsometry,9 and these optical data were adopted for the

FIG. 1. Structures of c-Si solar cells analyzed in this study: flat c-Si hetero-

junction solar cells with (a) single-hetero (SH) and (b) double-hetero (DH)

structures,14 (c) a textured a-Si:H/c-Si heterojunction solar cell,20 (d) a tex-

tured dopant-free MoOx/c-Si solar cell,21 and (e) a textured n-type PERL

solar cell.22 The layer thicknesses of the solar-cell component layers adopted

from the references are indicated.

TABLE I. Characteristics of c-Si solar cells shown in Fig. 1.

Device Structure Jsc

(mA/cm2)

Voc

(mV)

FF Efficiency

(%)

a-SiO:H/c-Si (SH)a Figure 1(a) 33.1 643 0.76 16.2

a-SiO:H/c-Si (DH)a Figure 1(b) 35.6 656 0.75 17.5

a-Si:H/c-Sib Figure 1(c) 37.0 718 0.78 20.7

MoOx/c-Sic Figure 1(d) 37.1 716 0.73 19.4

PERLd Figure 1(e) 41.2 703 0.80 23.2

aReference 14.
bObtained from Fig. 7 of Ref. 20.
cReference 21.
dReference 22.
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calculation. In the analysis of Fig. 1(c), however, we

assumed that the optical properties of the a-Si:H i-n layers

are identical. Moreover, based on Ref. 10, the carrier concen-

trations of the front and rear ITO layers are further assumed

to be 2.4� 1020 cm�3 and 1.7� 1019 cm�3, respectively.

For the EQE analysis of the dopant-free solar cell [Fig.

1(d)], the reported optical constants of a-Si:H,9 ITO (Nopt

¼ 2.4� 1020 cm�3 of Ref. 10), IOH (Nopt¼ 2.1� 1020 cm�3

of Ref. 35), and LiF36 were used, whereas we employed a

MoOx dielectric function extracted from a sputtered MoOx

layer33 for the calculation.

In the EQE analysis of the PERL cell [Fig. 1(e)], the

dielectric functions of a wide-gap Si3N4 layer37 and an Al2O3

layer prepared by atomic layer deposition38 were employed.

The parameterization of the Si3N4 dielectric function using

the Tauc-Lorentz model39 leads to A¼ 150.733 eV, E0

¼ 8.416 eV, C¼ 3.962 eV, Eg¼ 4.825 eV, and e1(1)¼ 1.478.

For the actual calculation of the Si3N4 dielectric function, these

parameters were employed. For the SiO2 passivation layer, we

used the optical constants of a thermal oxide formed on c-Si.31

III. EQE ANALYSIS METHOD

A. Calculation of flat solar cells

The EQE calculation in this study is based on the optical

admittance method,18 in which a flat optical model is

assumed. Figure 2 shows the flat optical model and the cal-

culation procedure of the EQE spectra. In the optical model,

the jth layer is assumed to be an optically thick incoherent

layer. In the figure, N represents the complex refractive index

(N¼ n – ik) defined by the refractive index n and the extinc-

tion coefficient k.40 The optical admittance Y is expressed as

Y¼Hf/Ef, where Hf and Ef show the magnetic and electric

fields, respectively. As known well,18,40 there is a relation of

Hf¼NEf and thus Y basically corresponds to N. In the case

of Fig. 2, we obtain Yj¼Njþ1.

In the conventional optical admittance method applied

for optically coherent systems, Yj is transferred to Yj–1

according to

Yj�1 ¼
Yj cos dj þ iNj sin dj

cos dj þ iYj sin dj=Nj
; (1)

where dj shows the phase thickness expressed by

dj ¼ 2pNjdj=k: (2)

Here, d and k are the layer thickness and wavelength, respec-

tively. If the calculation of Eq. (1) is repeated in a multilayer

structure, we obtain Y0 from which the total reflectance (R)

of the optical model is calculated as

R ¼ j1� Y0j2=j1þ Y0j2: (3)

The important feature of the optical admittance method

is that the transmittance (T) at each interface is obtained by

multiplying the potential transmittance w of each layer

sequentially from the top layer, and wj is given by

wj ¼
ReðYjÞ

ReðYj�1Þj cos dj þ iYj sin dj=Njj2
: (4)

In Fig. 2, T at each interface is indicated and, from R and w
of each layer, the absorptance of the jth layer (Aj) is deter-

mined as follows:15,17

Aj ¼ ð1� RÞð1� wjÞ
Yj�1

g¼1

wg: (5)

In Eq. (5), 1 – R indicates the transmittance at the top inter-

face and 1–wj corresponds to the difference of the transmit-

tance between the top and bottom interfaces of the jth layer.

Finally, the term of wg can be related to the transmittance in

the upper layers of the jth layer.

For optically thick c-Si wafers (�150 lm), however, the

above calculation procedure cannot be employed because the

optical response in this case needs to be calculated under

the incoherent condition. Specifically, for optically thick

incoherent layers, the optical interference is not observed, as

the phase information is lost completely by the time-varying

phase of light traveling a long distance.40 Quite fortunately,

the calculation procedure for a coherent/incoherent multi-

layer model has already been established within the Fresnel

approach (or transfer matrix method).41,42 In this method,

the phase d expressed by Eq. (2) is changed intentionally so

that the optical interference effect is eliminated by averaging

out the coherent optical response. More specifically, in this

approach, d of the incoherent layer is described by

dp ¼
2pNjdj

k
þ p

m
p; (6)

where m is a total number of the assumed waves and p is the

sequential number of the individual wave (p¼ 0, 1,…,m – 1).42

In Eq. (6), the term pp/m indicates a phase added intentionally

to d of Eq. (2). When the phase is modified, the peak and

FIG. 2. Calculation procedure of the continuous phase approximation (CPA)

method. In this method, w of the incoherent layer (wj) is calculated for vari-

ous dp given by Eq. (6) and the effective w (weff) is obtained as an average

of wj(dp). The slight attenuation of the wave amplitude indicates the light

absorption in the incoherent layer.
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valley positions of the propagating waves change [see wj(dp) in

Fig. 2]. Thus, if all the waves having slightly different d values

are integrated, the optical interference fringes disappear and

the incoherent optical response can be reproduced.41,42

By introducing the continuous phase variation of Eq. (6)

into the optical admittance calculation represented by Eq.

(5), we have established a continuous phase approximation

(CPA) method in which the light absorption in an incoherent

layer (Aj,inc) is described by

Aj;inc ¼
1

m

Xm�1

p¼0

ð1� RÞ 1� wj dpð Þ
� �Yj�1

g¼1

wg;

¼ ð1� RÞð1� weffÞ
Yj�1

g¼1

wg; (7)

where weff indicates the effective w of the incoherent layer

weff ¼
1

m

Xm�1

p¼0

wj dpð Þ: (8)

Equation (8) confirms that weff is a simple average of differ-

ent wj(dp) values. The R of the above incoherent model [i.e.,

R in Eq. (7)] is further expressed using Eq. (3)

RCPA ¼
1

m

Xm�1

p¼0

1� Y0 dpð Þ
1þ Y0 dpð Þ

����
����
2

; (9)

where RCPA shows the reflectance obtained from the CPA

method. By applying the above procedure, the light absorp-

tion in a complex multilayer structure with coherent and

incoherent layers can be calculated rather easily. If 100%

carrier collection is further assumed for the incoherent

absorber layer, the corresponding EQE spectrum is obtained

from Eq. (7) as Aj,inc(k)¼EQE(k). In the actual EQE calcu-

lation, the c-Si absorber in the optical model is divided into

c-Si sublayers with a thickness of less than 10 lm, as other-

wise the imaginary part of Eq. (4) becomes too large

(i.e.,>10300) and the computer calculation becomes quite

difficult.

B. Calculation of textured solar cells

As confirmed previously,43–46 thin film structures formed

on the {111} facets of c-Si pyramid textures can be modeled

using a simple coherent optical model. In fact, when a SiNx

or an ITO layer (�70 nm) is deposited on the pyramid-shaped

random texture, a bluish color on the surface can be con-

firmed by naked eyes. This color particularly corresponds to

the interference color of the thin film structure. In other

words, light scattering within the thin layers is rather small

and the overall near-surface optical response is described by

the coherent condition. In addition, when the specular light-

reflection component of a-Si:H/c-Si textured structures is

measured by spectroscopic ellipsometry using a tilt-angle

optical configuration, the layer thicknesses deduced by the

ellipsometry technique show excellent agreement with those

determined by transmission electron microscopy.44,45

Figure 3(a) schematically shows the light transmission

in an ITO/a-Si:H/c-Si front texture. From experiments, the

top angle of the pyramid-shaped texture is confirmed to be

80� (Refs. 44 and 45). From this angle, the incident angle of

the light to the normal of the texture facet plane is calculated

to be 50�. The n values of ITO, a-Si:H, and c-Si in the region

just above the band gap (Eg) of c-Si (k¼ 1100 nm) are

n¼ 1.7,26 n¼ 3.6,47 and n¼ 3.5,31 which result in transmis-

sion angles of 27�, 12�, and 12�, respectively [see Fig. 3(a)].

The transmission angles within the thin layers are close to

the normal to the {111} texture-facet plane. In this study,

therefore, based on the above results, the absorptance of the

component layers incorporated into the textured solar cells is

approximated by assuming the normal incidence within the

simple coherent condition [see Fig. 3(b)].

Moreover, in the geometry of Fig. 3(a), if the incident

light is reflected on the texture facet, this secondary light hits

the texture surface again. In this case, the incident angle of

the secondary light to the {111} facet becomes shallower

(i.e., 30�) and the transmission angle in the a-Si:H layer

decreases from 12� [Fig. 3(a)] to 8�. Accordingly, the

normal-incident condition in the flat optical model is still

valid for the secondary light generated by the texture. Our

approach could further be applied for the calculation of non-

normal light incidence.

Quite fortunately, for the calculation of a flat optical

model of Fig. 3(b), the identical calculation procedure

described in Sec. III A can be employed. Nevertheless, the

c-Si textures reduce R notably in the visible region, if com-

pared with flat c-Si structures.11 This antireflection effect

originates from the multiple bounces of incoming light rays

in the front texture region and is not due to the refractive

index gradient derived by effective medium theories. In the

EQE analysis of the texture, this strong antireflection effect

should be taken into account and, in this study, to estimate

the optical absorption in c-Si textured solar cells accurately,

the reflectance spectra obtained experimentally from the

actual solar cells are adopted for the EQE analyses. More

specifically, we implemented this analysis by replacing R in

Eq. (7) with RERS, where RERS represents R of the experi-

mental reflectance spectra. In other words, if the internal

FIG. 3. (a) Optical transmission in an ITO/a-Si:H thin film structure formed

on the {111} facet of a pyramid-shaped c-Si texture and (b) calculation

method of the optical absorption in the textured structure. In this method, a

flat optical model is applied while using the experimental reflectance spec-

trum (RERS) obtained from an actual textured solar cell.

203101-4 Nakane, Fujimoto, and Fujiwara J. Appl. Phys. 122, 203101 (2017)



quantum efficiency (IQE) obtained using a flat optical model

is IQEflat, the EQE of the textured structure (EQEtex) is

approximated as

EQEtex ¼ 1� RERSð ÞIQEflat: (10)

Thus, we assume that IQEflat¼ IQEtex and EQEtex is propor-

tional to IQEflat with a factor of 1 – RERS. For example, when

Rflat¼ 20%, the absorptance of a flat c-Si layer (ASi,flat) is

60%, and the parasitic absorption in the flat cell (Apar,flat) is

20% (i.e., Rflat þ ASi,flat þ Apar,flat¼ 100%), the calculation

of IQEflat in this condition leads to ASi¼ 75% and Apar

¼ 25%. If RERS¼ 4%, we further obtain ASi,tex and Apar,tex as

72% and 24%, respectively, using Eq. (10).

The above procedure simplifies the EQE analysis of

textured c-Si solar cells drastically. On the other hand, if the

transmission angle depicted in Fig. 3(a) is assumed, the

effective optical path length within the textured c-Si is

expected to increase by 27% [i.e., 1/cos(50�–12�)]. In our

EQE analyses, however, the actual c-Si wafer thicknesses of

the solar cells were used. Accordingly, our calculation for

the textured structures is largely simplified.

IV. RESULTS

A. Analysis of flat heterojunction solar cells

Although the optical calculation of incoherent layers has

already been demonstrated,42 to confirm the validity of the

CPA method, the EQE spectrum of the DH a-SiO:H/c-Si

solar cell without texture [i.e., Fig. 1(b)] was analyzed first.

Figure 4 shows the experimental EQE spectrum of this solar

cell reported in Ref. 14 (open circles) and the calculated

EQE spectra (solid lines). In this analysis, the EQE of the

c-Si was deduced from Eq. (7) using m¼ 13 assuming 100%

carrier collection (Aj,inc¼EQE). The red line represents the

EQE spectrum calculated from the CPA method, whereas

the EQE spectra obtained using selected dp values (i.e.,

p¼ 0, 1, 2, 12) are also shown (see also the enlarged figure).

For the choice of m, we find that (i) a prime number and (ii)

a larger m value are favorable to eliminate the interference

fringes effectively. In particular, the prime number is quite

effective in generating various interference patterns, making

the elimination of the interference more easily.

As shown in Fig. 4, when the EQE is calculated using a

fixed dp, quite sharp optical interference appears particularly

in a low light absorption region of c-Si (k>1000 nm) and the

interference pattern changes systematically with dp. If the

average optical absorption is calculated from Eq. (7), all

the sharp absorption features are averaged out and a quite

smooth incoherent spectrum can be obtained.

Figure 5 shows the EQE analysis result for the flat DH

a-SiO:H/c-Si solar cell. The experimental EQE (open circles)

and the EQE calculated from the CPA method (red line) are

consistent with Fig. 4, whereas the black lines indicate the

CPA-derived reflectance spectrum (RCPA) and absorptance

spectra of the solar-cell component layers. In Fig. 5, the cal-

culated EQE spectrum shows almost perfect agreement with

the experimental EQE spectrum in the wide k region. As a

result, Jsc obtained from the CPA calculation (34.9 mA/cm2)

agrees quite well with the experimental Jsc (35.4 mA/cm2).

We emphasize that the above EQE analysis was imple-

mented without using any fitting parameters. In particular,

the a-SiO:H/c-Si solar cell was fabricated by real-time con-

trol of the a-SiO:H layer thicknesses using spectroscopic

FIG. 4. Experimental EQE spectrum (open circles) and calculated EQE

spectra (solid lines) of the flat a-SiO:H/c-Si solar cell (DH) shown in Fig.

1(b). The experimental spectrum was taken from Ref. 14. For the EQE spec-

tra calculated using fixed dp values, only the results of p¼ 0, 1, 2, and 12

(m¼ 13) are shown for clarity. The values inside the parentheses show d
added intentionally [see Eq. (6)]. The red line represents the EQE spectrum

calculated by applying the CPA method. The enlarged spectra in the range

of 1000 � k � 1100 nm are also shown.

FIG. 5. EQE analysis result for the flat a-SiO:H/c-Si solar cell (DH) shown

in Fig. 1(b). The experimental EQE (open circles) and the calculated EQE

(red line) are consistent with Fig. 4. The black lines indicate the reflectance

spectrum and absorptance spectra of the solar-cell component layers,

deduced from the CPA method.
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ellipsometry with an accuracy of �1 Å,48 and the structural

uncertainty is quite small for this solar cell. The excellent

agreement observed between the experimental and calcu-

lated EQE spectra confirms that the a-SiO:H layers are “dead

layers” that allow almost no carrier extraction.

The above EQE analysis shows clearly that the parasitic

absorption in the front structure [i.e., ITO/a-SiO:H(p-i)] is

relatively large with a total loss of 2.3 mA/cm2, while the

rear structure [i.e., a-SiO:H(i-n)/ITO/Al] shows a very small

optical loss of 0.4 mA/cm2. In this solar cell, however, the

largest Jsc loss occurs by the reflectance loss (8.9 mA/cm2)

due to the flat device structure.

To justify the CPA approach further, flat a-Si:H/c-Si

solar cells reported in Ref. 11 were analyzed. These solar

cells have a structure of ITO/a-Si:H p (5 nm)/a-Si:H i (5 nm)/

c-Si (280 lm)/a-Si:H n (9 nm)/Ag, and a series of the solar

cells were made by varying the ITO layer thickness

(53–94 nm). For the EQE analyses, dielectric functions of

a-Si:H processed at 130 �C (Ref. 47) and ITO (Nopt¼ 4.9

� 1020 cm�3) of Ref. 26 were employed. Figure 6 summa-

rizes the experimental EQE and reflectance spectra (open

symbols) and the corresponding spectra calculated based on

the CPA method (solid lines). For all the EQE and reflec-

tance spectra, remarkable agreement has been observed.

Thus, RCPA obtained from Eq. (9) provides good matching to

the experimental result. The above result further supports

that only the photocarriers generated within c-Si contribute

to Jsc and those created within the a-Si:H layers are lost by

recombination. Our result is slightly different from those of

earlier studies in which slight carrier extraction (�30%)

from a-Si:H i layers is reported to occur.9,11

B. Modeling of carrier recombination

By extending the CPA method, we have further charac-

terized the carrier recombination observed in the SH

a-SiO:H/c-Si solar cell without a BSF structure14 [i.e., Fig.

1(a)]. Figure 7 compares the EQE spectra obtained from the

SH and DH a-SiO:H/c-Si solar cells of Figs. 1(a) and 1(b). In

Fig. 7, the experimental EQE spectrum (open circles) of the

SH solar cell shows the lower EQE response in the long k
region (k> 700 nm), compared with the DH solar cell, due to

the effect of the rear interface recombination. In this case,

therefore, the recombination effect needs to be incorporated

into the analysis.

We have modeled the rear interface recombination by

considering the carrier collection efficiency H(x)

HðxÞ ¼
K exp

d � x

Lp

� �
þ exp � d � x

Lp

� �

K exp
d

Lp

� �
þ exp � d

Lp

� � : (11)

Equation (11) has been derived assuming an ideal p-n junc-

tion solar cell using the inverse Laplace transformation.49 In

Eq. (11), x shows the depth from the front interface of the c-

Si, whereas d and Lp indicate the c-Si wafer thickness and

the diffusion length of the p-type minority carrier, respec-

tively. The K in Eq. (11) is a coefficient given by

K ¼ 1þ SpLp=Dp

1� SpLp=Dp
; (12)

where Sp and Dp show the surface recombination velocity

and diffusion constant of holes, respectively. If this equation

is applied, the carrier collection at the depth x can be deter-

mined using Sp and Lp as variables. For the calculation, we

adopted Dp¼ 12.95 cm2/s assuming hole mobility of lp

¼ 500 cm2/(V s) at a carrier concentration of 1� 1016 cm�3

(Ref. 50). In our analysis, the effect of the depletion layer

was neglected since (i) the depletion layer thickness is much

thinner than d and (ii) its effect on the EQE is minor. The

electric-field-assisted carrier collection in the depletion layer

can be modeled rather easily assuming H¼ 1 in this

region.49

Figure 8 shows the variations of H(x) with (a) Sp and (b)

Lp, obtained from Eq. (11). In the figures, the position of

x¼ 0 indicates the a-SiO:H(i)/c-Si interface, and H(x) was

FIG. 6. EQE analysis results obtained from the flat a-Si:H/c-Si solar cells

(DH) with different ITO layer thicknesses. The experimental EQE and

reflectance spectra reported in Ref. 11 (open symbols) and the corresponding

spectra calculated based on the CPA method (solid lines) are shown.

FIG. 7. EQE spectra of the SH and DH a-SiO:H/c-Si solar cells fabricated

using flat c-Si substrates [see Figs. 1(a) and 1(b)]. The experimental EQE

spectra reported in Ref. 14 (open circles) and the calculated EQE (solid

lines) are shown. The result of the DH solar cell is consistent with Fig. 5.

For the EQE analysis of the SH solar cell, the carrier recombination at the

rear interface has been taken into account.
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calculated using d¼ 300 lm. In Fig. 8(a), Sp is varied while

fixing Lp to 1000 lm, whereas Lp is varied with a fixed Sp of

103 cm/s in Fig. 8(b). If Lp¼1 and Sp¼ 0, H(x) shows a

constant value of 100% [dotted line in Fig. 8(a)]. With

increasing Sp, however, H at the rear interface (i.e.,

x¼ 300 lm) decreases and becomes zero at Sp � 105 cm/s.

When Lp is varied, H(x) in the c-Si bulk region decreases sig-

nificantly due to the limited carrier collection. Accordingly,

Sp and Lp can be estimated separately if H(x) is determined.

In our recombination analysis, H(x) is incorporated

directly into the EQE analysis according to

EQEðkÞ ¼
ð

Aincðx; kÞHðxÞdx; (13)

where Ainc(x, k) is the absorptance of the incoherent c-Si

absorber at the depth x and k. The Ainc(x, k) can be calculated

rather easily by dividing the c-Si layer into many sublayers

having the same optical constants in the optical model. In the

actual analysis of the SH solar cell, the 300-lm-thick c-Si

absorber was divided into a total of 1500 sublayers with a

thickness of 200 nm.

By applying Eq. (13), we extracted the parameters (Sp, Lp)

from the EQE fitting analysis. The red line in Fig. 7 represents

the result obtained from this fitting analysis and the calculated

EQE spectrum shows excellent agreement with the experimen-

tal spectrum when Lp¼ 1000 lm and Sp¼ 103 cm/s. However,

H(x) of this solar cell is essentially limited by Sp due to the

lack of the BSF structure and the EQE spectrum shows little

change with Lp � 1000 lm. The above result shows that the

analysis of the carrier recombination in c-Si solar cells can be

performed by combining the depth-resolved carrier recombina-

tion analysis with the CPA method.

Figure 9 shows the normalized partial EQE of (a) the DH

and (b) the SH a-SiO:H/c-Si solar cells and (c) the integrated

Jsc for the depth from the a-SiO:H(i)/c-Si interface (i.e., x).

The partial EQE represents an EQE value obtained at specific

(x, k) values. If the partial EQE spectra obtained at different

depths are integrated, the EQE spectra indicated by the solid

lines in Fig. 7 are obtained. In Figs. 9(a) and 9(b), the partial

EQE is indicated using logarithmic scale. The calculation

result reveals that, in the region of k< 700 nm, the partial

EQE decreases rapidly up to x¼ 50 lm due to the strong light

absorption in c-Si. In contrast, at k> 800 nm, the weak indi-

rect absorption in this region leads to the quite uniform

carrier generation throughout the entire absorber. Thus, the

influence of the rear-interface carrier recombination appears

predominantly in this k region. As shown in Fig. 8(a), H
decreases almost linearly with x and the partial EQE of the

SH solar cell decreases in the longer k region, compared with

the DH solar cell. In particular, since Lp (1000 lm) is larger

than the absorber thickness (300 lm), the intense rear-

interface recombination reduces the EQE response of the

SH solar cell notably.

In Fig. 9(c), the integrated Jsc values relative to x are

shown. The integrated Jsc values of the SH and DH solar

cells are almost identical up to x � 50 lm but the recombina-

tion in the SH solar cell hinders the increase in Jsc at

x> 50 lm, resulting in the Jsc reduction of 2.5 mA/cm2. The

result of Fig. 9 also shows that a stronger optical confine-

ment is critical to achieve high efficiencies when a thinner

c-Si wafer is used.

C. Analysis of textured solar cells

As described in Sec. III B, all the textured c-Si solar

cells characterized in this study were analyzed using the flat

optical models [see Fig. 3(b)] based on Eq. (10). For the tex-

tured solar cells, a series of standard a-Si:H/c-Si heterojunc-

tion solar cells with different a-Si:H layer thicknesses have

been characterized.

Figure 10 shows the EQE spectra of the textured a-Si:H/

c-Si solar cells fabricated by varying the a-Si:H p layer

thickness (a) without the a-Si:H i layer and (b) with the

a-Si:H i layer. In this figure, the symbols show reported

experimental results,9 and the solid lines indicate our calcu-

lation results. The basic structure of the solar cells is identi-

cal to that of Fig. 1(c). Since only the EQE and R spectra in

the short k region (k � 600 nm) were reported in Ref. 9, for

these EQE analyses, we employed a simplified optical model

consisting of ITO(70 nm)/a-Si:H(p)/[a-Si:H(i)]/c-Si without

considering the rear interface structure. In particular, all the

light in the region of k � 600 nm is absorbed completely

within the c-Si (see Fig. 9) and the effect of the rear structure

can be neglected. In the analysis of Fig. 10(b), the i layer

thickness is assumed to be constant (5 nm).

FIG. 8. Variations of H(x) with (a) Sp and (b) Lp, obtained from Eq. (11). In

(a), a fixed Lp value of 1000 lm is assumed, whereas Sp is fixed at 103 cm/s

in (b). The dotted line shows the case of 100% carrier collection (Lp¼1
and Sp¼ 0 cm/s).
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In Fig. 10, the calculated EQE spectra show remarkable

agreement with those confirmed experimentally and the reduc-

tion of the short-k EQE with increasing the p layer thickness is

reproduced quite well. It should be emphasized that there are

essentially no adjustable analytical parameters in these analy-

ses and the EQE spectra are calculated simply from the layer

thicknesses and the optical constants of the layers.

Furthermore, our calculation results are quite consistent with

those obtained from the ray-tracing analyses performed for the

same solar cells.9 Accordingly, although the experimental R
spectrum is always necessary in our approach, our technique

provides a quantitative estimation of the optical loss in the tex-

tured c-Si solar cells. Conversely, from the EQE analysis of

this region, the a-Si:H layer thickness can be estimated assum-

ing no carrier extraction from the a-Si:H layers.

Figure 11 summarizes the complete EQE analyses

performed for the textured solar cells shown in Fig. 1: EQE

analyses performed for (a) the standard a-Si:H/c-Si, (b)

dopant-free MoOx/c-Si, and (c) PERL solar cells, and (d)

experimental EQE and R spectra of the solar cells. The open

circles and squares show the EQE and R spectra obtained

experimentally,20–22 respectively, whereas the solid lines

indicate the calculated EQE spectra (red lines) and the

absorptance spectra of each component layer (black lines).

In the EQE calculation of the PERL solar cell, the rear inter-

face structure is assumed to be uniform by neglecting the

optical contribution of the local nþ region, as the area frac-

tion of the nþ region is rather small (5%).22

Quite surprisingly, the calculated EQE spectra shown in

Figs. 11(a)–11(c) indicate almost perfect fitting in the whole

analyzed region, particularly for the a-Si:H/c-Si and PERL

solar cells, even though quite simple EQE analyses were per-

formed using flat optical models. The remarkable agreement

observed between the experimental and calculated EQE

spectra further shows that the carrier recombination at the

rear interface is negligible in these solar cells due to the pres-

ence of the BSF structures.

In the analyses of the a-Si:H/c-Si and MoOx/c-Si solar

cells, however, the a-Si:H layer thicknesses were slightly

reduced, compared with the reported thicknesses [see Figs.

1(c) and 1(d)], since otherwise the calculated EQE becomes

notably lower than the experimental EQE in the short k
region of 300 � k � 600 nm. In particular, in the case of the

a-Si:H/c-Si solar cell, when the a-Si:H layer thicknesses indi-

cated in Ref. 20 are adopted for the EQE calculation, the

result shows the 100% carrier collection from the whole a-

Si:H i layer, which contradicts the earlier studies.12,13 Thus,

it appears that the a-Si:H layer thicknesses on the textures

described in Refs. 20 and 21 are overestimated slightly.

The result of Fig. 11(d) confirms that the EQE in the

short k region is limited in the a-Si:H/c-Si and MoOx/c-Si

solar cells because of the parasitic light absorption in the

TCO and a-Si:H layers. In the longer k region, on the other

hand, the EQE response of all the solar cells is quite similar.

The R of the PERL cell is, however, quite large, compared

with the heterojunction solar cells, most likely due to the flat

rear interface structure [see Fig. 1(e)].

V. DISCUSSION

A. Current loss mechanisms in textured c-Si solar
cells

Based on the EQE analyses of Fig. 11, the optical losses

in each solar cell have been determined. Figure 12

FIG. 9. Normalized partial EQE

obtained at different depths from the a-

SiO:H(i)/c-Si interface and wave-

lengths in (a) the DH and (b) the SH

a-SiO:H/c-Si solar cells, and (c) the

integrated Jsc for the depth from the a-

SiO:H/c-Si interface. These partial EQE

values correspond to the EQE spectra

shown as the solid lines in Fig. 7.

FIG. 10. EQE analysis results obtained for the textured a-Si:H/c-Si solar

cells fabricated by varying the a-Si:H p layer thickness (a) without the a-

Si:H i layer and (b) with the a-Si:H i layer. The experimental EQE spectra

reported in Ref. 9 (symbols) and the calculated EQE (solid lines) are shown.
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summarizes the Jsc losses (gains) in the solar-cell component

(absorber) layers in the textured (a) a-Si:H/c-Si, (b) MoOx/c-

Si, and (c) PERL solar cells. In the figures, the numerical

values represent the current densities in units of mA/cm2 and

these values were estimated from the calculated spectra

(solid lines in Fig. 11). The maximum Jsc attainable under

AM1.5G condition in the region of 300 � k � 1200 nm is

46.5 mA/cm2, and the PERL solar cell shows the highest

optical gain of 88.8%, while the a-Si:H/c-Si solar cell shows

a lower gain of 85.6%.

In the a-Si:H/c-Si solar cell, a relatively large absorption

loss occurs in the front structure (3.5 mA/cm2), whereas the

Jsc loss in the rear structure is rather small (1.3 mA/cm2). In

the dopant-free solar cell, the a-Si:H p layer is removed, but

the parasitic absorption still occurs in the a-Si:H i layer. In

particular, the Jsc loss generated by this a-Si:H i layer

(0.8 mA/cm2) is comparable to that induced by the a-Si:H p-i

layers in the a-Si:H/c-Si (1.4 mA/cm2). Thus, the improve-

ment of the short-k EQE response in the dopant-free solar

cell is rather limited.

Moreover, in the a-Si:H/c-Si solar cell, the optical losses

in the rear a-Si:H i-n layers are zero. This effect can be inter-

preted by high Eg of a-Si:H layers (�1.7 eV), which leads to

strong light absorption only in the region of k < 730 nm. As

confirmed from Fig. 9, all the light in this region is absorbed

in the c-Si upper layer, and thus, the parasitic absorption in

the rear a-Si:H layers is negligible.

In the MoOx/c-Si solar cell that incorporates the high-

mobility IOH layer, the optical loss induced by the front

TCO is well suppressed, compared with the a-Si:H/c-Si solar

cell. In the dopant-free solar cell, however, quite strong para-

sitic absorption occurs in the Al rear electrode [see also Fig.

11(b)]. This shows an important fact for the light absorption

in solar cells, i.e., the absorptance of the absorber layer in a

multilayer solar cell is essentially governed by the relative

magnitude of the absorption coefficient (a) and thickness of

the component layers. In other words, even when the front

optical loss is reduced, the light absorption in the indirect-

transition c-Si absorber may not increase significantly, if

another component layer has a higher a value than that of c-

Si. In the case of the a-Si:H/c-Si solar cell, for example, the

contributions of the parasitic absorption observed at

k> 1000 nm are roughly equal for the front ITO, rear ITO

and Ag, although the light absorption in the front layer tends

be larger than the rear layer. However, if the front parasitic

absorption is removed [i.e., Fig. 12(b)], the light absorption

FIG. 11. EQE analysis results obtained

from the textured c-Si solar cells

shown in Fig. 1: (a) standard a-Si:H/c-

Si, (b) dopant-free MoOx/c-Si, (c)

PERL solar cells, and (d) comparison

of the experimental EQE and R spec-

tra. The open circles and squares show

the experimental EQE and R spec-

tra,20–22 respectively. In (a)–(c), the

red line indicates the calculated EQE

spectrum, whereas the black lines

show the absorptance spectra of each

component layer.

FIG. 12. Jsc losses (gains) in the solar-

cell component (absorber) layers in the

textured (a) a-Si:H/c-Si, (b) MoOx/c-

Si, and (c) PERL solar cells. The

numerical values represent the corre-

sponding current densities in units of

mA/cm2. The maximum Jsc attainable

under AM1.5G condition is 46.5 mA/

cm2 (k¼ 300–1200 nm) from which

the optical gain is calculated as the

ratio of output Jsc to the maximum Jsc.
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in the rear metal electrode becomes dominant as a of metals

is far larger than that of c-Si. Accordingly, to improve the

longer k response in c-Si solar cells, enhanced light scatter-

ing in the front texture or the increase in the c-Si thickness is

necessary.

In the PERL solar cell, the optical loss in the front layers

is eliminated completely, and the EQE is equal to 1 – R at k
� 1000 nm. Furthermore, there is no current loss in the p-

type emitter and its contribution to Jsc (13.1 mA/cm2)

accounts for 28% of the total Jsc. In this solar cell, the largest

optical loss occurs by the light reflection (4.2 mA/cm2),

which is notably larger than those in the heterojunction solar

cell (�2 mA/cm2) due to the flat rear interface structure. A

ray-tracing simulation of c-Si solar cells has already con-

firmed the clear increase in Jsc by double-sided texturing,4

but the rear texturing makes the formation of the PERL

structure more difficult. As mentioned earlier, although the

optical gain of the PERL cell is high, one disadvantage of

this solar cell is a lower Voc, compared with the heterojunc-

tion solar cells.

We note that our method can also be applied to deter-

mine current loss mechanisms in multi-junction solar cells

consisting of group III-V compound semiconductors.

B. Effect of c-Si thickness in textured solar cells

To find the effect of c-Si thickness on EQE in textured

solar cells, we have simulated the EQE spectra of textured a-

Si:H/c-Si solar cells having different wafer thicknesses. For

the simulations, we assumed the a-Si:H/c-Si structure of Fig.

1(c). Unfortunately, the complete device simulation of c-Si

textured structures is difficult in our approach due to the

necessity of the corresponding R spectra, and we employed a

fixed R spectrum for all the calculations. Since R varies with

the c-Si thickness, the optical simulation performed here is

hypothetical. However, the change in R observed in a-Si:H/

c-Si solar cells in a thickness range of 100–250 lm is rather

small (DR< 5%)10 and the effect of R is expected to be

minor.

Figure 13 shows the variation of EQE spectrum with c-

Si thickness obtained from the optical simulation. The solid

lines show the simulation result, whereas the open symbols

indicate the experimental data of Fig. 11(a).20 With increas-

ing the wafer thickness, the EQE in the longer k increases

gradually and the experimental EQE shows good agreement

when the c-Si thicknesses in the simulations are 150–200 lm.

These thicknesses are slightly thinner than the actual c-Si

thickness (230 lm). If the enhanced optical path length in the

c-Si by the inclined transmission angle (i.e., 27% described

in Sec. III B) is considered for the 230–lm-thick substrate,

the effective c-Si thickness becomes �290 lm. In this case,

the experimental EQE becomes slightly smaller than the sim-

ulation result, suggesting the slight recombination at the rear

interface. Nevertheless, our EQE simulation could be too

simple to discuss very small current losses observed in the

longer k region. Thus, the effect of the c-Si substrate thick-

ness in textured solar cells needs to be clarified further based

on the EQE analysis results obtained with the variation of the

c-Si thickness.

VI. CONCLUSION

We established a general EQE analysis method that can

be applied for quantitative analysis of the optical and recom-

bination losses in various c-Si solar cells. In this calculation

scheme, a flat optical model is employed within the frame-

work of the optical admittance method, and the incoherent

optical absorption in thick c-Si substrates is expressed by

using a procedure reported earlier. We find that the EQE cal-

culation of textured c-Si solar cells can be performed by

applying experimental reflectance spectra to the above

method. Our approach provides excellent fittings to numer-

ous EQE spectra reported for high-efficiency c-Si solar cells

fabricated using flat and pyramid-shaped c-Si substrates. The

main advantage of the established method is a very low com-

putational cost and the EQE calculation can be performed

quite easily if the optical constants and thicknesses of all the

layers are known. Based on the EQE analyses, Jsc losses

induced by the front light reflection and parasitic light

absorption in solar-cell component layers were deduced.

Furthermore, an EQE analysis procedure that allows the

extraction of the carrier recombination characteristics of the

solar cell was developed.
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