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Silicon heterojunction solar cells consist of crystalline silicon (c-Si) wafers coated with doped/

intrinsic hydrogenated amorphous silicon (a-Si:H) bilayers for passivating-contact formation. Here,

we unambiguously demonstrate that carrier injection either due to light soaking or (dark) forward-

voltage bias increases the open circuit voltage and fill factor of finished cells, leading to a conversion

efficiency gain of up to 0.3% absolute. This phenomenon contrasts markedly with the light-induced

degradation known for thin-film a-Si:H solar cells. We associate our performance gain with an

increase in surface passivation, which we find is specific to doped a-Si:H/c-Si structures. Our experi-

ments suggest that this improvement originates from a reduced density of recombination-active inter-

face states. To understand the time dependence of the observed phenomena, a kinetic model is

presented. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964835]

Hydrogenated amorphous silicon (a-Si:H) is an amor-

phous semiconductor with important applications in thin-

film silicon solar cells1 and flat-panel displays.2 In recent

years, a-Si:H layers also garnered significant attention,

thanks to their excellent crystalline silicon (c-Si) surface pas-

sivation properties, even when only a few nm thin.3–8 This

property is exploited with remarkable success for

passivating-contact fabrication in silicon heterojunction

(SHJ) solar cells,9–22 with reported conversion cell efficien-

cies as high as 26.3%.23

For any solar cell technology, an important criterion for

ultimate device performance is its stability under prolonged

light exposure. In this context, the boron-oxygen defect com-

plex active in p-type c-Si wafers is known to lead to a light-

induced degradation (LID) in industrial c-Si solar cells.24,25

Another classic example is the LID of thin-film a-Si:H solar

cells. The latter is usually attributed to the generation of deep

defects that act as recombination centers,26 and is commonly

referred to as the Staebler–Wronski effect (SWE).27–31

Crystalline Si surfaces coated with intrinsic a-Si:H films

were found to suffer as well from a degradation in surface

passivation during prolonged light soaking (LS).32

Kinetically, this degradation follows so-called power laws of

a similar form as for bulk a-Si:H, suggesting that the intrinsic

a-Si:H/c-Si interface equally suffers from SWE.33,34

Interestingly, c-Si surfaces coated with p-type a-Si:H films or

bilayers of p-type/intrinsic a-Si:H were reported to increase
their surface passivation during LS.35 These reports raise the

concern whether finished SHJ solar cells are stable under

actual operating conditions. In this context, we report here on

the LS of finished SHJ devices, which—remarkably—results

in improved performance. Our investigation reveals that this

phenomenon is caused by carrier recombination, which can

occur through either device biasing or LS. We show here that

improved surface passivation is responsible for the effect and

takes place when applying LS to the passivating contacts in

our devices. This improvement contrasts with the LS losses

associated with the intrinsic a-Si:H/c-Si interface, lacking

doped overlayers. We discuss the observed phenomena in the

context of the SWE, and underline their importance for the

industrialization of SHJ solar technology.

As we observed identical results on Czochralski (Cz) Si

and float-zone Si (data not shown), we focus in this study

on industry relevant n-type Cz Si(100) wafers (resistivity of

2.9 X cm), used as absorbers for SHJ solar cell fabrication.

These wafers were textured in an alkaline solution and wet-

chemically cleaned. The textured wafers (thickness of

180 lm) were then dipped in 5% HF solution just before

plasma-enhanced chemical vapor deposition (PECVD). The

intrinsic (i) and doped (n and p) a-Si:H layers were deposited

on both wafer surfaces at 200 �C using mixtures of SiH4, PH3,

B(CH3)3, and H2 in a PECVD tool, operated at 13.56 MHz.

We used i layers thickness of 10 nm for test structures and

7 nm for finished cell structures when capped by doped over

layers and thickness of 25 nm for a test structure without

doped over layers and n and p layers thickness of 10 nm for

test structures, and 5 nm for finished cell structures. Samples

featuring different types of (bi-)layers were studied, including

the symmetric structures i/i, i-p/i-p, and i-n/i-n, as well as the

asymmetric solar cell precursor i-p/i-n. For finished cells (size

of 243.4 cm2), indium tin oxide (ITO) films were sputter-

deposited on both wafer sides, which was then capped with a

silver reflector at the rear, also sputter-deposited. Front elec-

trodes (fingers and 3 busbars) were screen-printed from a lowa)E-mail: kobayashi.eiji@choshu.co.jp
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temperature silver paste on the front ITO layer. Finally, the

cells were cured at 200 �C for 30 min.

Light soaking was carried out in a commercial system

(Sunirad A-65, Solaronix) under 1-sun illumination. The

substrate temperature was kept constant at 32 6 2 �C by a

water cooling system. After LS and characterization, post-

annealing was carried out at 200 �C in air in the dark. To

track the electronic changes at the a-Si:H/c-Si interface,

excess carrier lifetimes, seff, of the wafers were measured

with the photo-conductance method in transient mode

(WCT-120, Sinton Instruments), which complies with SEMI

standard PV-13.36 The finished SHJ cells were characterized

by current-voltage measurements on a 1-sun solar simulator

under Air Mass 1.5 global illumination. The measurement

errors expected to be less than 60.6% relative.

Figure 1(a) illustrates how light soaking of cells in

open-circuit conditions leads to an increase of conversion

cell efficiency (g) of finished SHJ solar cells. In this graph,

t1-sun is the 1-sun LS time. A typical g gain of 0.3% absolute

is observed during LS as a result of an increasing open-

circuit voltage (Voc) and fill factor (FF). The maximum, min-

imum, and standard deviation of the g gain are 0.39%,

0.27%, and 0.045%, respectively, where their values reach

saturation. Similar increases are observed for various tem-

perature sets (25–75 �C) during LS. Furthermore, we investi-

gated the effect of carrier injection under (dark) forward-

voltage bias using the finished SHJ solar cells. Figure 1(b)

shows the normalized g under forward-voltage bias at 2.8 V

and 41 mA cm�2 with no illumination, compared with LS

results. In this graph, tbias is the forward-bias application

time. Notably, a similar improvement of g is observed under

forward-bias condition as for LS. This result indicates that

the performance increase of SHJ cells is caused by carrier

injection, and likely is the result from the recombination of

generated electron-hole pairs at the interfaces.

Next, we turn to the analysis of the specific interfaces

present in our devices. By comparing samples with a-Si:H

layers, with and without ITO overlayer, we exclude a signifi-

cant contribution of the a-Si:H/ITO interface to the observed

effects. We then focused on the a-Si:H/c-Si interfaces, using

samples without ITO overlayer. Figure 2 shows how the

a-Si:H/c-Si interface passivation evolves during repeated

LS/annealing cycles for the different test structures. In this

graph, tann is the annealing time. For reference, the surface

passivation of the i/i structures is seen to degrade during LS

(recovered by subsequent annealing). This phenomenon is in

accordance with our earlier reports, and was explained in the

framework of the SWE.33,34 Considering now the case of

wafers passivated with doped/intrinsic a-Si:H bilayers (i.e.,

the i-p/i-n, i-p/i-p, and i-n/i-n samples), it is seen that their

seff values increase during LS to reach saturation after about

85 h, which is a remarkable result. At saturation, the seff val-

ues of the i-p/i-n, i-p/i-p, and i-n/i-n samples are, respec-

tively, 60%, 40%, and 17% higher than their initial state.

These trends are quite similar to what Mahtani et al. reported

for p-type/intrinsic a-Si:H bilayers.35 We note that, during

subsequent annealing (after LS), the seff value increases for

the i-n/i-n structures, whereas it slightly decreases for the i-p/

i-n and i-p/i-p structures. This asymmetric phenomenon is

likely caused by Fermi-level induced defect formation in

a-Si:H films during annealing.37 Notably, this seff loss is sub-

sequently recovered by additional LS.

Figure 3 shows seff curves as a function of the carrier

injection level, Dn, during LS of the symmetric i-p/i-p and

i-n/i-n structures. Calculated seff curves, based on an a-Si:H/

c-Si interface recombination model,38 were fitted to these

measurements. The formalism used for these calculations

has two model parameters, namely, the interface state den-

sity, Ns, and the interface charge density, Qs. The interface

states are considered to be silicon dangling bonds, which are

amphoteric, with associated capture cross sections for elec-

trons and holes (rn
þ and rp

� for the charged states, and rn
0

and rp
0 for the neutral states, respectively; see also Ref. 38).

The capture cross section ratios were taken to be rn
0/rp

0¼ 1/

20 and rn
þ/rn

0¼rp
�/rp

0¼ 500, following Olibet et al.38

Figure 3 shows that the experimental LS data can be fitted

well by the employed calculations. The uppermost solid

curve represents the maximum bulk lifetime based on the

FIG. 1. Measured values for g of SHJ solar cells. The values represent aver-

aged characteristics. Each error bar represents standard error. (a)–(c) An

effect of prolonged light exposure as function of t1-sun. Total cell numbers

are six. (d) A comparison of light-induced and forward-bias-induced carrier

injection in rear-emitter cells as function of t1-sun and tbias, respectively.

Each value is normalized at an initial value of g in each cell. Total cell num-

bers of each condition are three.

FIG. 2. Minority carrier lifetime evolution during two repeated cycles of

1-sun LS (a) and (c) and 200 �C annealing (b) and (d) for four different

structures. Evaluation was performed at Dn¼Dp¼ 1� 1015 cm�3.
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Auger recombination parameterization by Richter et al.39

From the fitting results it follows that the light-induced

changes in seff of i-p/i-p structures are mainly driven by a

decreasing Ns value (without much of a change in Qs); for

the i-n/i-n structures, both parameters Ns and Qs are seen to

change over LS.

Figure 4 analyses in greater detail the kinetics underly-

ing our LS data. Surface passivation kinetics under LS condi-

tions were already discussed earlier for the case of intrinsic

a-Si:H passivation layers, which degrade during LS.33,34

This was found to be driven by an increase in Ns, which in

turn was found to obey a power law,33 showing essentially

identical kinetics as known for the light-induced degradation

occurring in bulk a-Si:H films.40 Such similarity strongly

suggests that the intrinsic a-Si:H/c-Si interface (i.e., the i/i
structure) also suffers from the SWE.33 Returning to the i-p/

i-p structure, we derived from Figure 3 that LS again mainly

affects Ns (by decreasing its value this time, however). In

Figure 4(b), we show that the kinetics occurring at the i-p/i-p
interfaces can be fitted as well to power laws, of slightly dif-

ferent form

sef f t1�sunð Þ ¼ sSS
ef f

,
1þ t1�sun

s0

� ��b
 !

; (1)

where sSS
ef f is the saturation value for seff, and b and s0 are the

dispersion parameter (0<b< 1) and effective time constant,

respectively. The data of the samples featuring i-n/i-n struc-

tures cannot be fitted well by this law as shown in Figure 4(c)

(dashed line), which is not a surprise, as in this case Qs

changes. [Once a sufficiently low Ns is reached (<1� 108

cm�2) at the a-Si:H/c-Si interface (see Figure 3)].

To find a law that possibly can fit the observed kinetics

of samples featuring the i-n/i-n structure, inspiration can be

taken from light-soaking studies of a quite different passiv-

ation layer, namely, Al2O3, which mainly relies on a negative

fixed-charge field effect.41 For this interface, improved pas-

sivation by LS was explained by an increase in negative inter-

face charge caused by internal photoemission of electrons

during LS.33 Liao et al. proposed that the improvement of seff

follows:42

sef f t1�sunð Þ ¼ a0 þ
Xm

i¼1

ai 1� exp � t1�sun

si

� �� �
; (2)

where a0 and ai are constants related to initial and final seff

and si is effective time constant, with trapping sites (at least

two sites of fast and slow traps, respectively) that are located

at SiOx/Al2O3 interface.42,43 The trapping of the electron

results in an increase of negative fixed charge density in the

Al2O3 film.44 To test if this expression can be translated into

the context of the a-Si:H/c-Si interface, we assume only one

type of charge trap present (that may be associated with the

silicon dangling bond). The combined time dependence of

the seff may then be expressed as

sef f t1�sunð Þ ¼ sSS
ef f

,
1þ t1�sun

s0

� ��b
 !

þ a1 1� exp � t1�sun

s1

� �� �
; (3)

where a1 is a constant and s1 is an effective time constant.

The two terms in this expression account for Ns and Qs

related changes, respectively. The data in Figure 4 show

that this expression fits all experimental data very well.

Data fitting was obtained by fixing the initial/final seff val-

ues during LS.

We now briefly speculate on the origins of our observa-

tions. Classically, the SWE was mainly discussed for bulk

a-Si:H. Stutzmann proposed an elegant model explaining

its metastability under light soaking and annealing, where

a weak covalent Si-Si bond can reversibly be transformed

FIG. 3. Measured values for seff as function of the carrier injection level.

The different curves show data after different LS times. Symbols represent

measured data, whereas solid lines show calculated recombination-model

fits. Values for the fitting parameters are given in the inset table. Values for

coefficient of determination (R2) are given in the figure.

FIG. 4. Measured values for seff as function of t1-sun. Evaluation was per-

formed at Dn¼Dp¼ 1� 1015 cm�3. Symbols represent measured data,

whereas solid lines show (a) and (c) power law and field effect fits and (b)

power law to the data. Dashed lines show the part of the power law only.

Values for the fitting parameters are given in the inset table. Values for coef-

ficient of determination (R2) are given in the figure.
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into two Si dangling bonds.45 The energy required for such

rupture is supplied by the recombination of a photogener-

ated charge-carrier pair, whereas subsequent annealing

repairs the broken bonds into weak bonds, improving the

material quality. In this way, under steady-state conditions

(dark or light), the initial deep state density (N0) establishes

an equilibrium, dictated by the weak-bond density (Nss).

The latter is related to the Urbach energy E0, which

expresses the “disorder” of the material, and is processing

specific. Kinetically, this recombination-driven process also

enabled to analytically explain the often observed power

laws for the SWE.40

Notably, most studies dealing with the SWE only con-

sidered intrinsic a-Si:H and see that Nss>N0. However,

recently Scuto et al. reported improved performance of

reversely biased thin-film a-Si:H modules under prolonged

illumination.46 This is an important observation for our

work, because the capping of intrinsic a-Si:H buffer layers

with doped over-layers also moves their Fermi-level closer

to one of the band edges.37 Taking these arguments together,

it is tempting to conclude that shifting the Fermi-level close

to either conduction or valence band may revert the SWE

from an electronic degradation to an improvement process.

Further work is needed to consolidate this view.

In this paper, we have presented the effect of LS for

n-c-Si passivated by i-a-Si:H films with p- and n-type doped

layers. An increase of seff results in improving Voc and FF of

finished SHJ cells after LS as well as application of dark

forward-voltage bias, corresponding to 0.3% absolute gain of

g or roughly 1.4% relative. The seff curve fitting suggests

that the LS improvement originates from a reduced density

of recombination-active interface states. We find that the

time dependence behavior of the seff values for doped a-

Si:H/c-Si structures is described by a modified power law.

Finally, we note that these findings bear high relevance to

industrial production, as the samples used in this study were

made using industry compatible processes. It is hence

expected that modules made out of such solar cells will show

a similar gain in the range of 0.3% absolute. A 20% effi-

ciency module flashed at the exit of a production line with

320 W could, for instance, be rated at 324.5 W, following

light exposure. For a 1 GW production line, this would corre-

spond to 14 MW annual excess production, with a market

value in the range of 7–10 million US dollars.
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