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Zachary C. Holman,1,a) Miha Filipič,1,2 Antoine Descoeudres,1 Stefaan De Wolf,1

Franc Smole,2 Marko Topič,2 and Christophe Ballif1
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Silicon heterojunction solar cells have record-high open-circuit voltages but suffer from reduced

short-circuit currents due in large part to parasitic absorption in the amorphous silicon, transparent

conductive oxide (TCO), and metal layers. We previously identified and quantified visible and

ultraviolet parasitic absorption in heterojunctions; here, we extend the analysis to infrared light

in heterojunction solar cells with efficiencies exceeding 20%. An extensive experimental

investigation of the TCO layers indicates that the rear layer serves as a crucial electrical contact

between amorphous silicon and the metal reflector. If very transparent and at least 150 nm thick,

the rear TCO layer also maximizes infrared response. An optical model that combines a ray-tracing

algorithm and a thin-film simulator reveals why: parallel-polarized light arriving at the rear surface

at oblique incidence excites surface plasmons in the metal reflector, and this parasitic absorption in

the metal can exceed the absorption in the TCO layer itself. Thick TCO layers—or dielectric

layers, in rear-passivated diffused-junction silicon solar cells—reduce the penetration of the

evanescent waves to the metal, thereby increasing internal reflectance at the rear surface. With an

optimized rear TCO layer, the front TCO dominates the infrared losses in heterojunction solar

cells. As its thickness and carrier density are constrained by anti-reflection and lateral conduction

requirements, the front TCO can be improved only by increasing its electron mobility. Cell results

attest to the power of TCO optimization: With a high-mobility front TCO and a 150-nm-thick,

highly transparent rear ITO layer, we recently reported a 4-cm2 silicon heterojunction solar cell

with an active-area short-circuit current density of nearly 39mA/cm2 and a certified efficiency of

over 22%.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4772975]

I. INTRODUCTION

Silicon heterojunction solar cells have been reported

with minority carrier effective lifetimes at one-sun injection

levels that approach the Auger and radiative recombination

limit of the silicon wafer base.1,2 Significant improvements

in open-circuit voltage (Voc) are thus expected only if the

wafer is thinned.3,4 Consequently, increasing short-circuit

current density (Jsc) or fill factor (FF) is a more promising

route to further improving device efficiency. This contribu-

tion focuses on Jsc. External quantum efficiency (EQE) and

total reflectance (R) spectra provide a complete accounting

of the fate of light incident on a solar cell in short-circuit

conditions, allowing quick identification of Jsc losses. EQE

interpretation is simplified for high-carrier-lifetime hetero-

junction solar cells, as the collection efficiency of carriers

generated in the wafer is approximately unity and thus cur-

rent losses are associated solely with light not absorbed in

the wafer.

To motivate the present investigation, consider the EQE

and total absorbance (1-R) spectra in Fig. 1(b) of heterojunc-

tion cells (Fig. 1(a)) co-deposited in our laboratory on wafers

100 and 250 lm thick. All light is reflected (area above

dashed 1-R curves), absorbed in the wafer and converted to

current (area below solid EQE curves), or absorbed parasiti-

cally in, e.g., the amorphous silicon (a-Si:H) and transparent

conductive oxide (TCO) layers (area between EQE and 1-R).

In identifying and quantifying losses, it is convenient to

divide the spectra into two wavelength regions.

For short wavelengths—those well below 1000 nm, for

which 1/a � d, where a is the absorption coefficient of the

wafer and d is the wafer thickness—little light is reflected

thanks to a pyramidally textured front surface and a TCO

anti-reflection coating. Between 600 and 1000 nm, almost all

absorbed light is successfully converted to current, so that the

EQE and 1-R curves nearly touch (unity internal quantum ef-

ficiency). For shorter wavelengths, the curves separate. Elimi-

nating this parasitic absorption would result in a proportional

gain in EQE; the EQE curves would move upward to meet

the 1-R curves, which would remain fixed. We previously

showed that for 20.8%-efficient heterojunction solar cells, Jsc
is reduced by 2.1mA/cm2 because of parasitic absorption at

wavelengths below 600 nm.5 This Jsc loss—the largest in our

cells—is predominantly due to bandgap absorption in the

front intrinsic and doped a-Si:H layers, with only a minor

contribution (0.3mA/cm2) from bandgap absorption in the

TCO. Thinner a-Si:H layers, or more transparent substitute

materials, would mitigate the parasitic absorption.

At long wavelengths—those well above 1000 nm, for

which 1/a � d—total reflectance increases as the wafera)zachary.holman@epfl.ch.
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becomes transparent and secondary escape reflection is

added to the primary front-surface reflection. (Escape reflec-

tion refers to light that enters the cell, undergoes one or more

internal reflections, and subsequently exits through the

front.) Parasitic absorption also increases, and roughly 50%

of 1150 nm light is absorbed but generates no current. Were

this absorption to be eliminated, the extra light would be

redistributed between both EQE and R, so that the EQE and

1-R curves would move towards each other.6,7 For the

250-lm-thick cell in Fig. 1(b), 0.7mA/cm2 is lost to infrared

(IR) parasitic absorption, while 1.2mA/cm2 is lost for the

100-lm-thick cell. Reducing IR parasitic absorption thus

represents another important opportunity for Jsc improve-

ment, one that becomes more significant for thinner wafers

because less light is absorbed in the active layer between

each internal reflection at the lossy surfaces. Light trap-

ping—the minimization of reflectance at near-bandgap

wavelengths by increasing the optical pathlength with novel

textures—has the potential to dramatically increase IR EQE

as well, if the Yablonovitch limit can be exceeded.8

However, no light-trapping scheme has of yet surpassed this

limit for a broad range of wavelengths, and the random

pyramid texture employed both in our and in industrial

silicon cells already approaches the limit: Only 0.4mA/cm2

less current is collected in the 250-lm-thick cell in Fig. 1(b)

than in an equivalent cell with Lambertian scattering, and

0.6mA/cm2 less is collected in the 100-lm-thick cell.

All solar cells have poor conversion efficiency for wave-

lengths near the active-layer bandgap, motivating many pre-

vious light-management studies for non-heterojunction

silicon devices.6,7,9–16 However, IR light management in

silicon heterojunction solar cells is neither like that in

diffused-junction crystalline silicon solar cells nor like that

in thin-film silicon cells. Heterojunction cells and monocrys-

talline diffused-junction cells share the same random

pyramid texture at the silicon surfaces, so that the angular

distribution of light paths—and thus the probability of

absorption in the wafer or escape out the front—is similar in

both devices in the absence of parasitic absorption.9

However, there is parasitic absorption in both devices, and it

is different. Heterojunction solar cells require a TCO layer at

the front to transport charge laterally, and a TCO layer is

commonly employed at the rear as well. Free carriers in

these layers absorb IR light, including the 1000–1200 nm

photons that one would like to be absorbed in the wafer

instead. In rear-passivated silicon solar cells, non-absorbing

dielectric films of, e.g., silicon oxide, silicon nitride, or

aluminum oxide are found in place of the TCO, eliminating

this source of parasitic absorption. Thus, in terms of IR light

propagation, silicon heterojunction solar cells are like

rear-passivated cells with absorbing dielectric passivation

layers. Thin-film microcrystalline silicon solar cells, by

contrast, have a similar TCO/crystalline silicon/TCO/rear

reflector structure to heterojunction cells and therefore face

similar parasitic absorption. However, thin-film cells are

grown on substrates with textures that differ significantly

from micrometer-sized pyramids, so that the distribution of

light paths in each device type is unique. Consequently, an

independent investigation of IR light management in silicon

heterojunction solar cells is required.

This paper analyzes IR parasitic absorption in silicon het-

erojunction cells, focusing on the front and rear TCO layers

and the silver rear reflector. Only indium tin oxide (ITO) is

considered, though the trends we elucidate are general and

apply to most materials systems. Sputtered ITO was chosen

because it is the most common TCO in heterojunction solar

cells, and its thickness and carrier density can be easily tuned,

making it a model system. In simulating IR light propagation,

we develop a general framework, and consider the specific

case of transparent TCO layers with an imperfect metal reflec-

tor. This structure is optically identical to silicon solar cells

with dielectric rear passivation, allowing us to extend the het-

erojunction analysis to absorption losses in the metal reflector

of diffused-junction cells with local rear contacts. Experimen-

tal results in which the front, then rear, ITO layer is independ-

ently varied are presented first. Simulations of single internal

reflections at the surfaces of a solar cell follow for variable

ITO thickness and doping, and the cumulative effect of many

internal reflections (resulting in the cell’s total reflectance) is

calculated. Finally, we compare IR parasitic absorption in the

front and rear ITO layers to determine which most limits Jsc.

II. EXPERIMENTAL

Silicon heterojunction solar cells were fabricated using

processes described in detail elsewhere.1,17 Briefly, n-type

float-zone wafers ((100), 4 X cm, 250 lm thick unless other-

wise stated) were textured on both sides with random

FIG. 1. (a) Schematic of the silicon heterojunction solar cells fabricated in

this work, including the default layer thicknesses used unless otherwise

stated. (b) External quantum efficiency (solid) and 1-reflectance (dashed) of

silicon heterojunction solar cells co-deposited on wafers 100 and 250lm

thick.
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pyramids in an alkaline solution. a-Si:H layers were depos-

ited via plasma-enhanced chemical vapor deposition

(PECVD) after chemical cleaning. An intrinsic/p-type a-Si:H

stack was deposited on the front (sunward) side to form the

hole collector (i.e., emitter), and an intrinsic/n-type a-Si:H

stack was deposited on the rear side to form the electron col-

lector (i.e., back surface field). Importantly, depositions were

performed in a large-area industrial reactor with high spatial

uniformity so that, within a given experiment, all wafers

were co-deposited with identical a-Si:H layers. Quasi-

steady-state photoconductance measurements revealed mi-

nority carrier effective lifetimes of a few milliseconds and

implied Vocs of over 720mV.

ITO was sputtered from an In2O3/SnO2 target onto both

sides of the wafers, and layer thicknesses were adjusted by

varying the deposition time. The rear ITO layers covered the

entire wafer surfaces, whereas the front ITO films were de-

posited through a shadow mask to define three 4-cm2 solar

cells per wafer. Oxygen gas was introduced into the chamber

during sputtering, and the ITO free-carrier density was tuned

from 1019 to 1021 cm�3 by varying the oxygen partial

pressure.18 Unless purposefully varied, front ITO layers

were nominally 70 nm thick with carrier mobilities and

densities of 30 cm2/Vs and 3� 1020 cm�3, respectively. Rear

ITO layers were nominally 150–200 nm thick with

mobilities and densities of 25 cm2/Vs and 3� 1019 cm�3. In

some optical experiments, a non-absorbing silicon nitride

(SiNx) layer deposited by PECVD was substituted for an

ITO layer.19 A silver reflector roughly 300 nm thick was

sputtered over the entire rear surface, and a silver front grid

was screen-printed on the front of each cell. A finger spacing

of 2.2mm was used for all cells; this value was calculated to

be optimal, given a TCO sheet resistance of 75 X/sq and fin-

gers 100 lm wide and 30 lm tall. As during PECVD, sput-

tered ITO and silver layers were co-deposited for cells

within each experimental series (save the layer purposefully

varied), so that only screen-printing was performed on a per-

wafer basis. A glass witness sample was included during

each ITO and SiNx deposition for layer characterization.

Finally, wafers (and witness substrates) were annealed at

200 �C to cure the printed silver paste.

The thicknesses of ITO and SiNx layers were measured

on the planar glass witness samples with a profilometer. The

thicknesses on the pyramidally textured wafer surfaces—

those reported throughout this paper—were calculated by

dividing by 1.7. This surface area ratio was confirmed by

comparing the wavelengths of reflectance minima for co-

deposited films on planar and textured wafers, taking into

account the wavelength-dependent refractive index. Carrier

mobility and density were determined from Hall effect meas-

urements in the Van der Pauw geometry on the witness

samples. For select ITO and SiNx layers, spectroscopic

ellipsometry was employed to determine the complex refrac-

tive indices (n and k). Ellipsometric spectra were recorded at

two angles (50 and 70�) on layers deposited on single-side

polished silicon wafers with a 300-nm-thick thermal silicon

oxide. This substrate was chosen because it minimizes rear

side specular reflection and provides interference enhance-

ment, which increases the information gathered when using

multiple angles of incidence.20 In addition, transmittance

spectra were measured at normal incidence for ITO or SiNx

layers on glass that were co-deposited with the ellipsometry

samples. The transmittance and two ellipsometry spectra

were fit simultaneously with a bound model, giving a unique

solution for n and k. The ITO layers were modeled with a

Tauc-Lorentz-Drude dispersion relation, and the SiNx layers

with a Tauc-Lorentz relation. The Tauc-Lorentz and Drude

relations simulate bandgap and free-carrier absorption,

respectively.

EQE and R were measured on the active area of (non-

metallized) cells. EQE measurements were performed with a

setup that employs a lock-in technique to measure the current

generated under monochromatic illumination and compare it

with that of a calibrated photodiode. A dual-beam spectro-

photometer equipped with an integrating sphere collected all

reflected light during reflectance measurements. Aperture-

area current-voltage (I-V) measurements were performed on

complete (metallized) cells under Air Mass 1.5 global illumi-

nation. Each cell-performance value reported is an average

from three cells on the same wafer, and error bars indicate

the standard deviation of the mean. Note that this measure of

error does not incorporate run-to-run variation.

The reflectance, transmittance, and absorbance of pla-

nar three-layer optical stacks were calculated from the

generalized Fresnel equations using the one-dimensional

transfer-matrix method.21,22 Calculations were performed

separately for light polarized parallel and perpendicular to

the plane of propagation, and the results were averaged to

simulate unpolarized sunlight in a solar cell. The simu-

lated structures were silicon/ITO/air and silicon/ITO/sil-

ver, representing the front and rear of heterojunction solar

cells, respectively. The ITO was substituted with SiNx for

select simulations to isolate absorption in the silver; this

configuration also corresponds to rear-passivated dif-

fused-junction solar cells. The first and last layers were

treated as semi-infinite and the thickness of the middle

layer was varied. The simulations used as inputs the com-

plex refractive indices determined from ellipsometry of

our ITO and SiNx layers, and published refractive indices

of monocrystalline silicon and silver.23,24 All simulations

were performed at the sub-silicon-bandgap wavelength of

1200 nm and the angle of incidence was varied from 0 to

90�.

To reproduce the measured reflectance of complete solar

cells, the above matrix formalism (wave optics) was coupled

to a three-dimensional incoherent ray tracing algorithm (geo-

metric optics) using the CROWM optical simulator.25 Light

propagation in the double-side textured silicon wafer was

determined by ray tracing, while the matrix method calcu-

lated the reflectance and transmittance at the front and rear

surfaces using the angles passed to it from the ray tracer.

Two surface textures were investigated: a regular array of

5-lm-tall pyramids with a characteristic angle of 54.7�, and

random pyramids measured with atomic force microscopy

(AFM) on a solar cell. A wafer thickness of 250 lm was

assumed. For each simulation, 600 normally incident rays

were placed at random locations on the front surface and

traced.
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III. RESULTS AND DISCUSSION

A. Front TCO: Cell results

The front TCO layer in silicon heterojunction solar cells

plays both optical and electrical roles. It serves as an anti-

reflection coating, like the front dielectric layer in diffused-

junction solar cells. With a refractive index of nTCO � 2 at

visible wavelengths, the layer must be 65–80 nm thick on

random pyramid surfaces to maximize Jsc. The TCO also

replaces the emitter of diffused-junction solar cells as the lat-

eral transport medium for charges to the metallic grid elec-

trode, since millimeter-scale conduction through the a-Si:H

emitter is not possible. The power lost to Joule heating in the

front TCO is proportional to its sheet resistance, which is

given by Rsh ¼ (eNlt)�1, with e the electrical charge, and

N, l, and t the TCO free-carrier density, mobility, and

thickness, respectively. As thickness is fixed by the anti-

reflection requirement and mobility is limited by the chosen

TCO material, carrier density is the only tunable parameter

to adjust the front TCO’s contribution to series resistance.

Figure 2 shows the dependence of heterojunction cell per-

formance on the front ITO carrier density. As anticipated,

FF falls rapidly with decreasing carrier density; when the x-

axis is changed to the front ITO sheet resistance, the FF de-

pendence is linear.

Jsc also depends strongly on carrier density, and trends

in the opposite direction of FF. An optimum is found when

the marginal change in Jsc with carrier density is equal to

that of FF. We reported previously that for sputtered ITO

with l¼ 30 cm2/Vs (as in Fig. 2) this condition is reached

for our cells when N¼ 3� 1020 cm�3.5 This value was used

for all experiments unless otherwise stated.

In Fig. 3, EQE and 1-R spectra are plotted for four of the

cells in Fig. 2. The 1 mA/cm2 loss in Jsc over the range of

carrier densities investigated is attributable to IR parasitic

absorption in the front ITO. This is consistent with the Drude

model, according to which the absorption coefficient for

free-carrier absorption scales with carrier density and inver-

sely with mobility.26 Notice that, because the front TCO is

the first layer encountered by incident light, high-N TCOs

erode Jsc both at wavelengths greater than 1000 nm—for

which light interacts with the front TCO multiple times as it

bounces in the wafer—and at 600–1000 nm wavelengths—

for which light passes through the front TCO only once. In

addition, the TCO refractive index deviates from the geomet-

ric mean of the air and silicon indices as carrier density

becomes large (see Fig. 8), reducing the effectiveness of the

TCO layer as a broadband anti-reflection coating. This effect

becomes even more severe in modules because encapsulants

have refractive indices of approximately 1.5. Both absorp-

tion below 1000 nm and increased primary front-surface re-

flectance (just visible near 1025 nm) are apparent in Fig. 3

for the cell with N¼ 4.6� 1020 cm�3. The only way to cir-

cumvent the FF-Jsc trade-off is to develop high-mobility

front TCO layers so that carrier density may be reduced

while maintaining satisfactory sheet resistance.

B. Rear TCO: Cell results

There is little discussion in the literature of the rear

TCO in silicon heterojunction solar cells.27–29 In bifacial

cells, the rear TCO requirements are like those of the front

TCO, though higher sheet resistances may be tolerated if the

wafer is sufficiently conductive. In cells with full rear metal-

lization (like those presented here), however, both the anti-

reflection and lateral transport constraints are relieved. In

this case, it is unclear how the rear TCO should be designed,

if such a layer should be included at all. In particular, thick-

ness and carrier density are seemingly unconstrained, and

their effects on cell performance unknown.

The I-V characteristics of cells with rear ITO layers

0–300 nm thick are summarized in Fig. 4. For our sputtered

ITO, carrier density and mobility tend to decrease with thick-

ness for constant deposition conditions. Consequently, the

oxygen partial pressure during sputtering was adjusted to

keep l/N approximately constant and N< 1020 cm�3, for

which free-carrier absorption in the rear ITO is small com-

pared to in the front ITO (see Fig. 15). Because of the chal-

lenge in making identical layers with varying thickness, the

FIG. 2. Output characteristics of co-deposited 4-cm2 solar cells with varying

front ITO doping. The mobility and thickness varied by less than 5% across

the data set. Each data point represents the average value of three cells.

FIG. 3. External quantum efficiency (solid) and 1-reflectance (dashed) of

co-deposited solar cells with varying front ITO doping. These spectra were

measured on the cells in Fig. 2. The bumps in the EQE spectra near 1100 nm

are caused by a change in calibration diodes.
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experiment was performed twice. The grey triangles in

Fig. 4 correspond to cells deposited with our standard recipes,

whereas the black diamonds correspond to cells with a very

transparent front ITO layer (hence the large Jsc and small FF

values). FF decreases by 8% (absolute) in one case and over

20% in the other when the rear ITO layer is omitted, and is

otherwise independent of the layer thickness. The I-V

characteristics of cells without rear ITO layers are S-shaped,

indicating a reversed diode, and Voc decreases in addition to

FF. A rear ITO layer thus acts as an important electrical

contact layer when a silver rear reflector is used. Note, though,

that this role is specific to the materials system: ITO (or any

other TCO) may not form low-resistance Ohmic contacts to

all metals and doped a-Si:H layers,30–33 and there may be

doped a-Si:H/metal combinations that form Ohmic junctions

without a TCO interlayer. For example, Bivour et al. recently

reached an impressive FF of 81.5% for a rear-emitter silicon

heterojunction cell with no TCO between the highly doped

p-type emitter and the silver reflector.29

Figure 4 also reveals that the rear TCO appears to have a

second, optical role: for low-N rear ITO layers, Jsc increases

with thickness, then saturates. If high-N (>1� 1020 cm�3)

rear ITO layers are instead used, Jsc decreases with thickness

(not shown). EQE and 1-R spectra for the cells in Fig. 4 are

presented in Fig. 5. Apparently, there is less IR parasitic

absorption in cells with thicker rear ITO layers, resulting in

greater EQE and Jsc. This is not intuitive: for constant l/N,

thicker ITO layers absorb more light (neglecting interference

effects). The explanation involves evanescent waves that pen-

etrate through the TCO and are absorbed in the silver reflec-

tor. The effect will be explored in detail in Sec. III C. The

optimum rear ITO thickness is approximately 150 nm. This

value was used for all experiments unless otherwise stated.

The effects of the rear ITO carrier density on cell per-

formance are shown in Figs. 6 and 7. First, FF shows no de-

pendence on the rear TCO doping for N < 2� 1020 cm�3.

(The low FF obtained for the highest-N cell is surprising, but

is perhaps attributable to a change in work function as the

ITO becomes degenerately doped.30,34) This is because lat-

eral conduction is not needed in the rear TCO when full rear

metallization is used, and thus the sole contribution to series

resistance is contact resistance. For the ITO and sputtered

silver rear reflector stack used here, contact resistance is rela-

tively insensitive to carrier density but this cannot be

assumed for other materials systems.

Second, Jsc falls with increasing doping. As with the

front ITO layer (Fig. 3), the EQE and 1-R curves confirm

that the source of the loss is free-carrier absorption (Fig. 7).

There are, however, two notable differences between chang-

ing carrier density in the front and rear ITO layers. First,

EQE is more sensitive to the value of N in the rear ITO layer.

We will show later that this is primarily due to its greater

thickness. Second, even the highest-N rear ITO does not

decrease EQE at short wavelengths (unlike for the front ITO;

cf. Fig. 3 at 600–1000 nm) because these wavelengths are

fully absorbed in the wafer and never “see” the back of the

FIG. 5. External quantum efficiency (solid) and 1-reflectance (dashed) of

co-deposited solar cells with varying rear ITO thickness. These spectra were

measured on the cells represented by black diamonds in Fig. 4.

FIG. 6. Output characteristics of co-deposited 4-cm2 solar cells with varying

rear ITO doping. Mobility and thickness varied by less than 20% and 5%,

respectively, across the data set. Each data point represents the average

value of three cells.

FIG. 4. Output characteristics of 4-cm2 solar cells with varying rear ITO

thickness. Two sample series are shown (grey triangles: standard layers;

black diamonds: low-N front ITO), and all layers within each series were co-

deposited, save the rear ITO layer. As ITO carrier density decreases with

thickness for the same deposition conditions, the oxygen flow during sputter-

ing was adjusted to keep N < 1020 cm�3. Each data point represents the av-

erage value of three cells.
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cell. As only Jsc depends strongly on carrier density, pro-

vided good electrical contact is achieved, the best rear TCO

is the most IR-transparent (largest l/N). This is an atypical

requirement; most TCO applications have a maximum ac-

ceptable sheet resistance and thus TCOs with N < 1020 cm�3

are rarely of interest. Superior performance may even be

possible with layers that are not TCOs, like the moderately

conductive filamentary silicon oxide films introduced by

Cuony et al.35

C. Physics of light-TCO and light-metal interactions

We turn now to the physics of parasitic absorption inside

a silicon heterojunction solar cell by calculating the Fresnel

transmission and reflection coefficients for a beam of light

incident on the (locally planar) front TCO/air or rear TCO/

metal interfaces from silicon. The analysis also explains and

quantifies absorption in the metal reflector of rear-passivated

diffused-junction silicon solar cells, as these cells correspond

to the special case of non-absorbing TCO layers. All simula-

tions used 1200 nm light because it is just below the silicon

bandgap and therefore not absorbed in the active layer. Conse-

quently, any absorption at 1200 nm reduces R exclusively and

not EQE, which is zero. 1-R at 1200 nm is thus a metric of par-

asitic absorption. Indeed, absorption at any sub-bandgap

wavelength is parasitic. However, we chose 1200 nm so that

we can extend our findings to 1000–1200 nm—for which par-

asitic absorption does reduce EQE—without encountering

large changes in the complex refractive indices. All results are

for unpolarized light unless otherwise stated.

The ITO complex refractive indices determined from

ellipsometry and used in simulations are given in Fig. 8.

These five sets of n and k values reflect the whole range of

ITO layers explored. For the SiNx layers used to imitate non-

absorbing ITO, n¼ 2.05–1.90 and k¼ 0 over the relevant

wavelength range.

1. Qualitative description of internal reflection

Before advancing to the simulation results, we seek an

intuitive understanding of internal reflection and parasitic

absorption by considering Fig. 9, in which all possible paths

for light in the wafer arriving at the front and rear surfaces

are depicted. (For a discussion of the primary reflection of

light incident from air, see Refs. 36 and 37.) For illustration,

ITO refractive indices of 1.6 and 2.0 were assumed for the

front and rear ITO layers, respectively, as these are the val-

ues in Fig. 8 for our best front and rear layers. Other values

simply change the critical angles and pathlengths according

to Snell’s law. We emphasize that the following qualitative

analysis is insightful but overly simplistic, especially for

ITO layers less than 200 nm thick and angles of incidence

above the silicon/ITO critical angle (hc, Si/ITO).
38

Light incident on the front surface from inside the sili-

con active layer will follow one of three paths, labeled af, bf,

and cf in Fig. 9, depending on the angle of incidence relative

to the pyramid surface (h). (We are fortunate to be able to

make such a categorization; a similar treatment is not possi-

ble for thin-film silicon cells since the texture size is on the

order of the wavelength of light.) Light arriving outside the

hc, Si/ITO ¼ 27� transmission cone is represented by path af.

Were the ITO to be replaced by a non-absorbing dielectric,

such as SiNx, light following path af would undergo total

internal reflection with an evanescent wave decaying expo-

nentially into the SiNx layer. With lossy ITO, however, the

light undergoes attenuated total reflection, and the field in

the ITO layer is no longer purely evanescent; some energy is

transported across the silicon/ITO interface and is absorbed.

(Nevertheless, for simplicity we will use “evanescent” to

describe this attenuated, evanescent-like wave.) The physics

here is the same as in the popular attenuated total reflection

Fourier transform infrared (ATR-FTIR) spectroscopy tech-

nique. A thorough qualitative and quantitative analysis of

attenuated total reflection can be found in Harrick et al.38–40

Parasitic absorption in thick ITO layers depends on nITO/nsi,

h, a, and the penetration depth of the evanescent wave, dp,

which itself depends on the first two parameters. The closer

nITO/nsi is to unity, the greater the interaction of the evanes-

cent wave with the film. For the refractive indices in our

example and a wavelength of 1200 nm, the penetration depth

varies from 67 nm at h¼ 89� to 340 nm at h¼ 28�, and

FIG. 7. External quantum efficiency (solid) and 1-reflectance (dashed) of

co-deposited solar cells with varying rear ITO doping. These spectra were

measured on the cells in Fig. 6.

FIG. 8. Real (solid) and imaginary (dashed) parts of the complex refractive

index of ITO layers with varying doping. The optical constants were deter-

mined via ellipsometry. All simulations were performed using the values

along the vertical dashed line at 1200 nm.
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finally becomes infinite at the hc, Si/ITO¼ 27� transition to

propagating waves. As a point of reference, for h¼ 45�, the

absorbance of the evanescent wave is approximately the

same as that of a propagating wave traversing an optical

pathlength of 100 nm. For larger angles of incidence, this

“effective thickness” of absorption falls rapidly, whereas it

grows as h approaches hc, Si/ITO. Thus, in terms of absorption,

light following path af is equivalent to light transmitted nor-

mally through a film tens to hundreds of nanometers thick.

For very thin films (for which t � dp), light propagation is

determined exclusively by the refractive indices of the mate-

rials on either side of the layer (i.e., hc, Si/ITO no longer mat-

ters),38 and the above guidelines break down. As the

penetration depth is angle-dependent, many of the films we

consider in our simulations are “thick” for large angles of

incidence, but “thin” for h near hc, Si/ITO.

Path bf corresponds to light arriving inside the hc, Si/ITO
¼ 27� transmission cone but outside the hc, ITO/air ¼ 39� cone,

i.e., 27� < h < hc, Si/air ¼ 17�. Light is totally internally

reflected at the ITO/air interface, and the attenuation in the

ITO layer is given by the exponential decay law, taking into

account the extended pathlength as light traverses the ITO

layer twice. For layers with thicknesses on the order of the

wavelength, interference must also be considered. Interfer-

ence will not alter the transmitted wave, which is always zero

because of total internal reflection, but it will enhance or di-

minish the absorbed and reflected intensities. Finally, path cf
is taken by light that is within both transmission cones and

thus exits the cell. The attenuation in the ITO layer again fol-

lows the exponential decay law, though the pathlength is less

than half that for path bf because the light only traverses the

layer once, and at a smaller angle. For path cf, interference

alters reflection, absorption, and transmission.

At the rear surface, there are only two possible internal

reflection paths. For thick ITO films, paths ar and af are identi-

cal because the evanescent waves do not penetrate deep

enough to see the ITO/silver and ITO/air interfaces. For thin-

ner layers, the evanescent wave may couple to the silver rear

reflector and the reflectance loss is the sum of the absorbance

in the ITO and silver layers. The magnitude of the coupling is

difficult to predict prior to simulation, but we note that a silver

layer may interact with propagating and evanescent modes

very differently, and thus exhibit high reflectance at near-

normal angles while absorbing at oblique angles. The physics

associated with path ar is the same as that in metal-overlayer

ATR-FTIR, a little-known but interesting technique for

enhancing absorption in monolayer films.41,42 Light within

the hc, Si/ITO ¼ 35� transmission cone travels path br and tra-

verses the ITO layer twice. This path is similar to bf, but the

attenuation is modified by any loss that may exist in the silver

reflector. Interference augments or decreases the losses in

both layers.

2. Simulation of single internal reflections

Simulations of single internal reflections at the front and

rear surfaces of heterojunction solar cells appear in Figs. 10–12,

and much of the behavior can be understood in the context of

the above qualitative discussion. The internal reflectance (into

silicon), ITO absorbance, and transmittance (into air) at the

front of a heterojunction solar cell are plotted in Fig. 10 as func-

tion of the angle of incidence. The ITO carrier density was var-

ied, as was done experimentally (Figs. 2 and 3), and a SiNx

layer was simulated for comparison. The layer thickness was

set to 75 nm in accordance with the anti-reflection requirement.

a-Si:H layers were excluded because na-Si:H � nSi at 1200 nm

andmeasurements indicate that their contribution to IR parasitic

absorption is negligible. Consider first the ITO layer with

N¼ 2.4� 1020 cm�3, which is similar to the best front ITO

layer experimentally identified. The angle ranges corresponding

to paths af, bf, and cf in Fig. 9 are given at the top of Fig. 10 for

this ITO. The ITO absorbance increases gradually with angle

for path cf, consistent with the increasing pathlength. The reflec-

tance and transmittance are determined by the Fresnel equations

and are nearly the same as for the SiNx layer, since the ITO ab-

sorbance is small. At hc, Si/air ¼ 17�, the transmittance drops to

zero as the ITO/air interface becomes totally internally reflect-

ing, and the absorbance doubles as the pathlength through ITO

doubles. The absorbance continues to increase with angle for

FIG. 9. Schematic of internal reflection paths at the front and rear of a sili-

con heterojunction solar cell. af, bf, and cf have angles of incidence of 45�,

20�, and 5�, respectively. ar and br have angles of incidence of 45
� and 15�,

respectively. Refractive indices of 1.6 and 2.0 have been assumed for the

front and rear ITO layers, respectively, as these values are typical for our

best films at 1200 nm. The transmission cones are drawn at each interface,

and the critical angles are given. The 17� gray cones at the front silicon/ITO

interface correspond to hc, Si/air, the maximum escape angle for light in the

wafer.
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path bf, then decreases as the wave becomes evanescent after

the transition to path af. The greatest parasitic absorption occurs

near hc, Si/ITO, for which the pathlength (for the propagating

modes at h < hc, Si/ITO) or the penetration depth (for the evanes-

cent modes at h> hc, Si/ITO) is greatest.

As ITO doping increases, the absorbance grows for all

angles of incidence, explaining the IR parasitic absorption

observed experimentally in Fig. 3. Note that N¼ 6.1

� 1020 cm�3 is a coincidentally odd case, since nITO � 1 for

this layer (see Fig. 8) and thus hc, Si/ITO ¼ hc, Si/air. Conse-

quently, path bf does not exist and the ITO absorbance spikes

at the sole critical angle. For N < 1020 cm�3, parasitic

absorption in the front ITO becomes relatively unimportant

(consistent with Fig. 3), with less than 4% of light lost per

reflection at all angles. If we were able to design the angular

distribution function of light arriving at the front surface, we

would aim for oblique angles. In this case, diffused-junction

solar cells with non-absorbing dielectric coatings such as

SiNx would exhibit perfect light trapping at the front surface,

and parasitic absorption in the front TCO layers of hetero-

junction cells would be minimized.

Internal reflection at the rear is somewhat different. Fig-

ure 11 is the same as Fig. 10 but now light is incident on the

rear ITO/silver reflector stack, and absorbance in the silver

layer is plotted in place of transmittance. The rear ITO layer

thickness was fixed at 150 nm, as per our best experimental

results. Paths ar and br from Fig. 9 are again indicated for the

ITO layer with N¼ 2.4� 1020 cm�3 to illustrate the relation-

ship between the simulated results and qualitative analysis,

although for the rear ITO layer this doping density is too

high to be optimal. As at the front of the cell, ITO absorb-

ance increases for both propagating (path br) and evanescent

(path ar) waves as h approaches hc, Si/ITO. Absorption in ITO

is not the only loss, however; there is also absorption in the

silver layer that peaks near hc, Si/ITO. (If the silver is replaced

with aluminum or copper, the shape of the absorbance curve

remains the same but the values increase.) This parasitic

absorption in the silver is present—and is, in fact, largest—

when the rear ITO layer is replaced by a SiNx layer, as in

diffused-junction solar cells with dielectric rear passivation.

As carrier density increases, ITO absorbance grows while

silver absorbance diminishes. Their sum always increases

with ITO carrier density, although not for each angle since

the absorption peak shifts as the ITO refractive index

changes. Consequently, for nearly any angular distribution

function, rear reflectance is reduced with ITO doping, erod-

ing IR EQE, as was observed experimentally in Fig. 7. For

our best, lowest-N ITO layers, we calculate that 88% of light

is internally reflected per reflection at hc, Si/ITO, and more

than 96% for angles not within 8� of hc, Si/ITO. For the non-

absorbing SiNx layer, these values increase to 93% and 97%,

respectively.

The curves in Fig. 11 apply only for an optimized rear

ITO thickness of 150 nm, and Fig. 5 revealed that IR EQE and

R are sensitive to this thickness in finished cells. Figure 12

maps reflectance and absorbance for a single internal reflec-

tion at the rear of a heterojunction solar cell as a function of

the ITO thickness. Areas of high reflectance and absorbance

appear white; low values are black. To read these maps, first

study the grey dashed line in the fifth row, which slices the

reflectance and absorbance maps at a rear ITO thickness of

FIG. 10. Simulated internal reflectance, ITO absorbance, and transmittance of

1200nm light at the front silicon/ITO/air interface as a function of angle of

incidence. The ITO thickness was fixed at 75 nm and the carrier density was

varied. The two most transparent ITO layers are not plotted as they fall

between the dashed green and solid grey curves. Data are also plotted for a sub-

stitute SiNx layer, as is used in most diffused-junction cells. The angle ranges

corresponding to paths af, bf, and cf in Fig. 9, as well as the two critical angles,

are given at the top of the figure for the ITO layer withN¼ 2.4� 1020 cm�3.

FIG. 11. Simulated internal reflectance, ITO absorbance, and silver absorb-

ance of 1200 nm light at the rear silicon/ITO/silver interface as a function of

angle of incidence. The ITO thickness was fixed at 150 nm and the carrier

density was varied. The most-transparent ITO layer is not plotted as it nearly

overlaps the dash-dotted blue curve. Data are also plotted for a substitute

SiNx layer. The inset in (c) shows the same data as in (c) and uses the same

x-axis, but the y-axis scale has been adjusted. The angle ranges correspond-

ing to paths ar and br in Fig. 9, as well as the critical angle, are given at the

top of the figure for the ITO layer with N¼ 2.4� 1020 cm�3.
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150 nm. The information along this line is identical to that in

Fig. 11 for the same ITO layer (N¼ 2.4� 1020 cm�3), but the

y-scale has been replaced with a contrast scale.

For a non-absorbing SiNx substitute layer like those in

rear-passivated diffused-junction solar cells (top row),

absorption in the silver reflector is the only source of reflec-

tion loss. For layers less than 20 nm thick, there is very

strong absorption—more than 25% absorbance per internal

reflection—but only at high angles. Consistent with the find-

ings of Ishino and Ishida,41 our simulations indicate that

this absorption occurs only for waves polarized parallel to

the plane of propagation (transverse magnetic). The evanes-

cent field of parallel-polarized light may excite surface plas-

mon polaritons, resulting in strong electric fields; indeed,

the simulated structure is simply the Otto configuration with

the air gap replaced by SiNx.
43 Plasmonic losses have been

reported in thin-film silicon solar cells but the excitation

mechanism is often different.44,45 In thin-film cells with ran-

dom textures, rough surfaces scatter light into localized

plasmonic modes; in the Otto configuration, parallel-

polarized evanescent modes excite surface plasmons at flat

interfaces. This high-angle coupling explains our observa-

tions that silver is an excellent reflector in solar cells on

double-side polished wafers but is very lossy on wafers with

the front side textured and the rear side polished. In the first

case, all light hits the rear reflector normally and there are

few internal reflections, whereas the angular distribution in

the latter case evolves to include high angles that result in

absorption in the silver, even though the rear surface is mir-

ror polished.

FIG. 12. Simulated maps of internal re-

flectance (left column), ITO absorbance

(middle column), and silver absorbance

(right column) of 1200 nm light at the

rear silicon/ITO/silver interface as a

function of angle of incidence and ITO

thickness. Each row of maps corre-

sponds to a different carrier density; data

is also plotted for a substitute SiNx layer.

Note that the right two columns have the

same contrast scale, but the left column

has a unique scale. This was necessary

to avoid losing valuable information.

The dashed grey line in the fifth row at a

rear ITO thickness of 150 nm is intended

to aid interpretation; the data along the

line appear in Fig. 11 in a more tradi-

tional representation.
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As the SiNx layer thickens, the silver absorption peak

becomes narrower and weaker (before resurging and finally

disappearing; not shown), and shifts to smaller angles, con-

sistent with Otto’s findings.43 For thicknesses greater than

approximately 200 nm, the evanescent field “sees” the silver

only for angles near hc, Si/SiNx, where dp—and thus the field

strength—remains large. Consequently, the absorption peak

settles near hc, Si/SiNx and there is no absorption at higher

angles; the SiNx film has become optically thick to most

evanescent waves and thus behaves in the manner discussed

for path ar in Fig. 9. Others have pointed out the utility of a

dielectric buffer layer in suppressing plasmon excitation at

the rear of thin-film silicon solar cells.45,46 These studies

found somewhat different behavior, however, because the

nanostructured substrates investigated induce localized sur-

face plasmons even for normally incident light. For propa-

gating modes (h � hc, Si/SiNx), the silver layer continues to

absorb, even for thick SiNx films. Besides the peak at hc, Si/

SiNx, another “branch” is introduced in the silver absorbance

map at a thickness of 300 nm, and it moves towards hc, Si/SiNx
for thicker films. This is due to interference: For a wave-

length of 1200 nm and nSiNx ¼ 1.9, normally incident light is

constructively coupled to the silver layer for SiNx thick-

nesses that are multiples of approximately 300 nm. The role

of the SiNx thickness is thus twofold: it controls both the

evanescent (i.e., plasmonic) and interference coupling to the

silver layer. The optimum thickness minimizes their sum.

Because the electric field strength is large at the silver

surface only if it is also large within the SiNx or ITO film, the

ITO absorbance maps have the same shape as the silver

maps. There are two exceptions. First, thick ITO layers

absorb at angles much greater than hc, Si/ITO because the evan-

escent field continues to probe the first dp nanometers of the

ITO layer even when the silver layer is out of reach. This is

most easily seen for the highest-N ITO layers since they have

the largest absorption coefficient. Second, ITO layers less

than 100 nm thick do not absorb appreciable light at small

angles of incidence, but the silver layer behind them does.

The internal reflectance maps for high-transparency rear ITO

layers—those with N < 1020 cm�3 that were determined to be

best for cells in Fig. 6—are nearly the same as for SiNx. For

example, for the ITO layer with N¼ 1.7� 1019 cm�3 in

Fig. 12, reflectance is still overwhelmingly determined by

absorption in the silver layer, with a non-negligible contribu-

tion from the ITO layer only for films greater than 200 nm

thick. As carrier density increases beyond 1020 cm�3,

however, absorption in the ITO layer becomes the dominant

reflection loss. Consequently, we anticipate two optimization

regimes: For mildly doped ITO, the optimal layer thickness

minimizes absorption in the silver layer; for highly doped

ITO, the best thickness minimizes absorption in the ITO. For

all ITO and SiNx films, one would like light to arrive at the

rear reflector at only acute angles (for films less than 50 nm

thick) or oblique angles (for thicker films).

3. Simulation and measurement of total reflectance

To return to solar cells we must calculate the average

loss per internal reflection at the front and rear surfaces. This

may be achieved by integrating the angle-dependent reflec-

tance curves in Figs. 10 and 12 (we leave thickness variable

at the rear) over an assumed angular distribution function,

which will undoubtedly not contain only low or high angles.

The total reflectance of a solar cell at 1200 nm (the reflec-

tance that one measures, not internal reflectance) may then

be deduced by summing the transmittance out of the front of

the cell over many internal reflections and adding this escape

reflectance to the primary front-surface reflectance. A Lam-

bertian angular distribution of light is likely achieved after

several internal reflections, but this approximation is crude

for the first few bounces and is better suited to the analysis

of thin-film devices with nanoscale textures.9,47 We chose

instead to employ a ray tracer to track rays inside the cell,

obviating the need to assume an angular distribution function

at all. For each internal reflection, the tracer knows the angle

of incidence and can thus adopt the appropriate results from

Fig. 10 or 12 directly. A distribution function is generated by

the tracer by noting these angles over many internal reflec-

tions, and it depends on the assumed surface texture. We

imported a height map of random pyramids acquired by

AFM (Fig. 13(a)) and used this texture for both the front and

rear of our simulated cell. For comparison, ray tracing was

also performed with a regular pyramid texture on the front

and rear (Fig. 13(b)).

FIG. 13. (a) Random and (b) regular pyramid textures used at the front and

rear surfaces of the simulated optical structures. The random texture was

obtained by measuring a height map of a textured wafer with AFM. The

image in (a) was mirrored across both the x- and y-axes before simulation so

that the resulting texture was continuous. This is required by ray tracers, and

also explains why the single pyramid in (b) simulates pyramids tiled regu-

larly. Measured and simulated total reflectance of 1200 nm light incident on

textured wafers with front and rear SiNx layers, (c) with and (d) without a

silver layer at the rear. The two sets of experimental data correspond to

wafers textured with nominally the same process, but one year apart. To

form the simulated curves, the reflectance was calculated for ten rear SiNx

thicknesses, and splines were fit to the results.

013107-10 Holman et al. J. Appl. Phys. 113, 013107 (2013)

Downloaded 04 Jan 2013 to 128.178.203.199. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



Optical simulations and experimental results appear in

Fig. 13. First, absorption in the silver was isolated by depos-

iting SiNx layers at the front (70 nm) and rear (variable thick-

ness) of wafers without a-Si:H layers, as in rear-passivated

diffused-junction cells. The total reflectances of the same

structures were simulated. With a silver reflector at the rear,

the measured reflectance increases dramatically as the SiNx

layer is thickened to 150 nm (Fig. 13(c)). For thicker layers,

the reflectance remains high and oscillates with small ampli-

tude. The simulated reflectance follows the same trends but

with slightly smaller values; further simulations revealed

that the absolute value of the reflectance (but not the curve

shape) is sensitive to the assumed texture (although, coinci-

dently, the two textures presented here give similar results).

Texture sensitivity is observed experimentally as well: The

two experimental data sets were measured on identical

wafers textured one year apart with nominally the same pro-

cess. From Fig. 12, we anticipate that the shape of the reflec-

tance for rear SiNx thicknesses less than 300 nm is

determined by absorption of evanescent waves, whereas the

shape for greater thicknesses is dictated by interference of

propagating waves. This is confirmed in Fig. 13(d), which

presents the reflectance of the same samples prior to silver

deposition. Without the silver reflector, only interference

alters the reflectance. Its effect is minor because light with

h � hc, Si/SiNx still arrives with a wide range of angles,

smearing out the interference extrema. (Note that the sen-

sitivity of the simulated reflectance to the assumed texture

is evident here.) Thus, the principal reason a 150-nm-thick

SiNx film produces the best reflectance—and a 150-nm-

thick transparent ITO layer produces the best EQE—is

because it removes the silver layer sufficiently far from

the wafer surface to reduce coupling of high-angle, paral-

lel-polarized light. Nonetheless, for an optimized SiNx

layer, 15% of incident light is still absorbed parasitically

in the silver rear layer. This loss may be reduced with a

low-n dielectric (e.g., silicon dioxide or magnesium fluo-

ride) that narrows the transmission cone.48 Local rear con-

tacts would then be required, but such a reflector could be

employed in either heterojunction or diffused-junction

cells.

With ITO instead of SiNx at the rear of the simulated

structure, the total reflectance decreases with increasing

carrier density for any given layer thickness (Fig. 14).

Nevertheless, for ITO layers with N< 1020 cm�3, maximum

reflectance is still achieved with a layer approximately

150 nm thick. Recall that this was observed experimentally

in Fig. 5; the black diamonds in Fig. 14 are taken from the

measured reflectance curves in that figure. For highly

doped ITO, however, total reflectance decreases near-

monotonically with increasing layer thickness because free-

carrier absorption in the ITO exceeds plasmonic absorption

in the silver, even for thin layers. This has implications for

cells with detached rear reflectors and highly doped rear

TCO layers that transport charge laterally to a rear metalli-

zation grid. Jsc in these cells, which include Sanyo’s HIT

modules with white back sheets, will decrease with rear

ITO layer thickness, though the ITO sheet resistance will

improve and may increase FF.

D. Front vs. rear TCO

Which TCO layer is more important in determining IR

current losses in heterojunction cells: the front or the rear?

The simulations in Figs. 10 and 11 hint at the answer; we

now address the question with experiments. In Fig. 15, the

measured reflectance at 1200 nm is plotted for samples for

which the front (rear) TCO was replaced with SiNx, while

the carrier density of the rear (front) ITO layer was varied.

As 1-R at 1200 nm is a metric of parasitic absorption, these

experiments allow us to evaluate the relative IR absorption

in the front and rear ITO layers independently. The front and

rear layer thicknesses for all samples were 696 4 nm and

2056 8 nm, similar to the previously identified best thick-

nesses for each layer. a-Si:H layers were again omitted.

FIG. 15. Reflectance at 1200 nm of textured wafers with SiNx and ITO

layers at the front and rear, and silver reflectors. The front layer thickness

was fixed at 696 4 nm and the rear layer at 2056 8 nm. The mobility of all

ITO films was 306 10 cm2/Vs. The x-axis is the carrier density of the ITO

layer for samples that have just one (whether it be on the front or rear), and

that of the front ITO layer for samples with ITO on both sides (open black

diamonds). All SiNx layers of the same thickness were co-deposited.

FIG. 14. Simulated total reflectance of 1200nm light incident on textured

wafers with front SiNx layers and SiNx/silver or ITO/silver rear stacks. The

black diamonds correspond to the measured reflectance of the complete solar

cells in Fig. 5, which differ slightly from the simulated structures in that they

have transparent ITO in place of the SiNx front layer. The carrier density of

the rear ITO layers in the measured samples varies somewhat, decreasing

from approximately 1020 cm�3 for the thinnest layer to 1019 cm�3 for the

thickest. Simulations were performed for ten rear ITO thicknesses, and

splines were fit to the results. The random pyramid texture in Fig. 13(a) was

used for all simulations.
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A control sample had SiNx layers on both the front and

rear (solid light grey circle). The reflectance of this sample is

82%, and hence 18% of incident light is absorbed parasiti-

cally in the silver reflector. If the front SiNx layer is replaced

with ITO (solid black diamonds), the reflectance decreases

gradually with increasing ITO doping. These data represent

an upper bound for reflectance when front ITO layers of the

specified carrier density are employed. That is, replacing the

rear SiNx layer with ITO will only further decrease reflec-

tance (open black diamonds), since the SiNx layer behaves

optically like non-absorbing ITO. The open black diamonds

correspond to samples for which the front ITO was fixed at

N¼ 3.2� 1020 cm�3 and the rear ITO was varied from

N¼ 3� 1020–3� 1019 cm�3. If, instead, the rear SiNx layer

in the control sample is replaced with ITO and the front

remains SiNx, reflectance falls dramatically with increasing

carrier density (solid grey triangles). These data form a re-

flectance upper bound when rear ITO layers of the specified

doping are used, analogous to the front. Provided the carrier

densities are known, Fig. 15 can be used to conclude whether

IR reflectance—and, by extension, EQE—is limited by the

front or rear ITO layer in complete solar cells. This is done

by locating the point on the black curve corresponding to the

front ITO carrier density, and the point on the grey curve

corresponding to the rear ITO carrier density. The limiting

layer is the layer associated with the lower of the two points.

The analysis can be extended to other TCO materials with

similar refractive indices by multiplying the x-axis by the ra-

tio of the mobilities, lnew TCO/lITO, in accordance with the

Drude model of free-carrier absorption. At first glance, it

appears that parasitic absorption in the rear ITO layer limits

the performance of our standard cells at long wavelengths,

since reflectance at 1200 nm is more sensitive to the rear ITO

carrier density. Indeed, if N > 1020 cm�3 for the rear ITO, it

almost certainly will be responsible for the bulk of the

IR parasitic absorption. However, the front ITO layer is

restricted to N � 3� 1020 cm�3 (for l¼ 30 cm2/Vs and the

optimum finger spacing of 2.2mm) by the FF-Jsc trade-off,

whereas we found that the rear ITO can and should be made

as transparent as possible. Thus, as indicated in Fig. 15, for

these optimized layers, the front ITO layer is the greater li-

mitation, and materials development efforts should be biased

toward its improvement. Figure 15 also explains why 1-R

and EQE changed little in Fig. 7 when the rear ITO carrier

density was reduced from 6.5� 1019 to 2.6� 1019 cm�3. For

these transparent rear layers, the front ITO dominates the

loss, and further improving the rear ITO has only a minor

effect on cell performance.

We have not yet addressed why reflectance at 1200 nm

is more sensitive to the rear ITO doping than the front. One

possibility is that the somewhat different paths light may

take upon arriving from the silicon bulk at the front or rear

ITO layers (illustrated in Fig. 9) cause increased absorption

in the rear. In particular, light with h < hc, Si/air ¼ 17� propa-

gates through the front ITO only once, and then exits the

cell, whereas it passes through the rear ITO twice. Another

explanation is the much greater thickness of the rear ITO

layer, which increases absorption of both propagating and

evanescent waves.

To investigate the latter possibility, we prepared sam-

ples similar to those in Fig. 15 but with layers of the same

thickness (1996 12 nm) deposited on both sides of the

wafers. This thickness was chosen because Figs. 13 and 14

indicate that for this thickness, at least at the rear, reflectance

is insensitive to small layer thickness variations between

samples. Thickness variations would have introduced a

much larger error in our measurements if the target thickness

was instead, e.g., 50 nm. The SiNx layers in Fig. 15 were

replaced with co-deposited highly transparent ITO layers

(N¼ 1.4� 1019 cm�3), although the experiment would have

been equally instructive with a SiNx film on one side of ev-

ery sample. The carrier density of the other ITO layer was

varied, as in Fig. 15. The results are shown in Fig. 16 and

reveal that reflectance at 1200 nm has the same dependence

on the doping of both ITO layers, provided their thicknesses

are equal. We conclude that the difference in pathlength of

light with low angles of incidence does not significantly alter

the total contributions of the front and rear TCO layers to IR

parasitic absorption. Rather, the greater sensitivity of the IR

spectral response of an optimized heterojunction solar cell to

the rear ITO carrier density is attributable to that layer’s

greater thickness. This thickness remains optimal nonethe-

less; Figs. 14 and 15 taken together prescribe a rear TCO

layer roughly 150 nm thick, but only if it is very transparent.

IV. CONCLUSION

There is little freedom to adjust the front TCO layer in

silicon heterojunction solar cells because it serves simultane-

ous optical and electrical roles. Increasing its carrier mobility

is the only route to improvement. The rear TCO, however,

can and should be designed to behave as an optical layer that

minimizes absorption of evanescent waves in the metal

reflector, in addition to its principal role as an (materials-sys-

tem-dependant) electrical contact layer. The same is true—

save the contact requirement—of the rear dielectric layer in

rear-passivated diffused-junction silicon solar cells. In a

future contribution, we intend to calculate the reflectance

FIG. 16. Reflectance at 1200 nm of textured wafers with ITO layers at the

front and rear, and silver reflectors. All layers were 1996 12 nm thick with

mobilities of 226 11 cm2/Vs. The x-axis is the carrier density of the ITO

layer that was varied (whether it be on the front or rear). The other layers

were co-deposited on all samples and were very transparent.
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and Jsc losses in such cells with a variety of rear dielectrics

and metal reflectors.

We recently reported a 4-cm2 silicon heterojunction solar

cell on a 250-lm-thick wafer that employed TCO layers opti-

mized according to the present study and achieved a certified

efficiency of 22.1% with Jsc¼ 38.9mA/cm2.1 For this opti-

mized cell, more than 0.5mA/cm2 remains to be squeezed out

of the IR by further reducing parasitic absorption, e.g., with a

locally contacted low-n rear dielectric reflector. For thinner

cells, like the latest Sanyo record cell on 98-lm-thick

wafers,49 the potential gains are considerably larger since IR

light interacts with the lossy front and rear surfaces many

more times per distance traveled through the wafer absorber.

Though we focused on the optical properties of TCO

layers here, we noted that optical optimization can progress

only if adequate electrical contact is made between the TCO

layers and the metal and doped a-Si:H layers between which

they are sandwiched. Poor contacts can quickly inflate the

series resistance or create reversed diodes that produce

S-shaped curves, as we observed when the rear ITO layer

was omitted (Fig. 4). A thorough experimental investigation

of TCOs as electrical contacts in silicon heterojunctions—

with particular attention to a-Si:H Fermi level, TCO work

function and carrier density, and metal work function—

would thus provide a useful platform on which to build the

materials search prescribed by the present optical analysis.
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