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The performance of many silicon devices is limited by electronic recombination losses at the crystalline
silicon (c-Si) surface. A proper surface passivation scheme is needed to allow minimizing these losses. The
surface passivation properties of amorphous hydrogenated silicon (a-Si:H) on monocrystalline Si wafers are
investigated here. We introduce a simple model for the description of the surface recombination mechanism
based on recombination through amphoteric defects, i.e. dangling bonds, already established for bulk a-Si:H. In
this model, the injection-dependent recombination at the a-Si:H/c-Si interface is governed by the density and
the average state of charge of the amphoteric recombination centers. We show that with our surface recombi-
nation model, we can discriminate between the respective contribution of the two main mechanisms leading to
improved surface passivation, which is achieved by (a) the minimization of the density of recombination
centers and (b) the strong reduction of the density of one carrier type near the interface by field effect. We can
thereafter reproduce the behaviors experimentally observed for the dependence of the surface recombination on
the injection level on different wafers, i.e., of both p and n doping type as well as intrinsic. Finally, we are able
to exploit the good surface passivation properties of our a-Si:H layers by fabricating flat heterojunction solar

cells with open-circuit voltages exceeding 700 mV.
DOI: 10.1103/PhysRevB.76.035326

I. INTRODUCTION

Increasing the efficiency of crystalline silicon (c-Si) solar
cells requires the reduction of both bulk and interface recom-
bination. Even if bulk recombination is almost suppressed,
the symmetry of the crystal lattice is disturbed at the surface
and hence, due in particular to nonsaturated bonds (dangling
bonds), a large density of defects exists. Thus, in this case,
the free-carrier lifetimes are no longer limited by the quality
of the bulk c-Si, but by its surface. To keep the recombina-
tion losses at the c-Si surface at minimal levels, the surface
must be electronically well passivated. This is accomplished
by (a) minimizing the recombination center density and/or
(b) reducing strongly the density of one carrier type near the
interface, as achieved by field effect. After the historical de-
velopment of the metal-oxide-semicondutor field-effect tran-
sistor, which was only made possible thanks to the high-
quality thick passivation layer (SiO,), metal-insulator-
semiconductor photovoltaic devices using very thin silicon
dioxide! (Si0,) and silicon nitride? (SiN,) passivation layers
were introduced. The microscopic nature of the interface de-
fects responsible for surface recombination has long since
been identified as dangling bonds,>* where recombination-
specific properties are determined by the overlying passivat-
ing material. Nowadays, on state of the art, high performance
devices, the standard c-Si surface passivation scheme uses
thermal SiO, yielding outstanding characteristics.” For less
demanding applications or if long-term stability is an impor-
tant issue, industrial passivation schemes use SiN,. However,
SiN, layers have been observed to posses permanent positive
charges,® and this property limits their application domain.
An alternative to these two major passivation processes is to
use low temperature grown (typically 200 °C) hydrogenated
amorphous silicon (a-Si:H).” In the case of photovoltaic ap-
plications, the passivation of both c-Si wafer surfaces (i.e.,
the emitter and the rear surface) is of crucial importance for
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good performances.® The current major application of the
a-Si:H passivation scheme on c-Si for photovoltaic applica-
tions consists of a double-layer stack composed of an intrin-
sic plus a doped a-Si:H layer. Such devices are called het-
erojunction silicon solar cells. The application of this
concept (to the emitter as well as to the rear) allowed for
mass fabrication of excellent c-Si based solar cells by
Sanyo.’

So far, no satisfying simple model allows a proper de-
scription of the passivation properties on a wide range of
wafer doping (p, n, and intrinsic). The purpose of this paper
is to introduce a simple model for the measured injection-
dependent excess carrier density at the a-Si:H/c-Si interface
based on a recombination mechanism via amphoteric de-
fects, i.e., Si dangling bonds. Modeling is compared to ex-
perimental data for validation and, finally, the performances
of this passivation scheme are exploited in heterojunction
devices. For a complete validation of our model, thickness
series of intrinsic and microdoped a-Si:H layers, as well as
stacked double layers of intrinsic plus doped a-Si:H layers,
are grown on c-Si wafers of both p and n doping type as well
as on intrinsic c-Si. Overall, the various measured injection
dependencies of a-Si:H/c-Si interface recombination can be
fairly well reproduced by our model. More precisely, by
modeling the data, we are able to quantify the two main
model parameters:

(a) the dangling bond density, whose increase leads to
increased recombination;

(b) the charge density at the interface, related to the mag-
nitude of the field effect passivation.

The limits of validity of our simplified model are pin-
pointed on selected samples, where some discrepancies be-
tween measured data and fits are observed.

Finally, the most direct way to validate the quality of the
a-Si:H passivation scheme is to complete heterojunction sili-
con solar cell devices: Their open-circuit voltage (Vy¢) is
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ultimately limited by the a-Si:H/c-Si interface recombination
rate. By understanding and optimizing passivation properties
of a-Si:H on c-Si, we are thus able to demonstrate high Vs
in completed solar cells.

II. DANGLING BOND INTERFACE RECOMBINATION
MODEL

In this work, we extend the model previously established
(but not widely spread) for bulk a-Si:H recombination'®!! to
the description of the surface recombination through dan-
gling bonds. For a better understanding of our approach, the
relevant underlying hypotheses and properties of this recom-
bination model are summarized below. Although the
recombination-specific parameters of the bulk dangling
bonds, i.e., the capture cross sections may be different from
the surface dangling bond capture cross sections, we find
here that the values of the four capture cross sections con-
sidered in our model are similar for surface and for bulk
dangling bonds. A plausible explanation of this observation
stands from the fact that the defects at the a-Si:H/c-Si inter-
face have the same intrinsic properties as they have in bulk
a-Si:H too.

A. Bulk a-Si:H recombination model

For an analytical resolution of the injection dependence of
the recombination rate, one needs a closed-form expression
of the recombination rate R(cm™ s~!). Shockley, Read, and
Hall (SRH) have basically considered one discrete recombi-
nation center in the gap, having two charge conditions. Sim-
mons and Taylor extended this SRH formalism to the case of
a continuous distribution of states within the gap,'? as in
disordered semiconductors. They have concluded that, as
long as the capture cross sections of the continuous distribu-
tion of electronic states do not vary as a function of their
energy level and as long as one can neglect the thermal re-
emission from them, the general form for R is almost the
same as for one discrete recombination center level. How-
ever, in order to discriminate between the two roles that elec-
tronic states within the gap can play, that is, they can act as
trapping or as recombination centers, Simmons and Taylor
introduced the notion of demarcation levels. The position of
these demarcation levels is defined by the equal probability
of thermal emission and free carrier capture of an electronic
state and depends on the generation rate G (see Fig. 1 for
visualization). Electronic states lying inbetween the two de-
marcation levels act as recombination centers with negligible
reemission probability compared to the capture probabilities.
Electronic states lying inbetween demarcation level and band
edge act as trap with non-negligible thermal reemission
probability. The quasi-Fermi-level concept is used in the de-
scription of nonequilibrium free excess carrier distribution
when the Fermi-Dirac occupation function can no longer be
used to describe the probability of occupation of electronic
states.

In bulk a-Si:H, monomolecular recombination via dan-
gling bond (DB) states is the dominant mechanism for re-
combination at room temperature and under low to medium
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FIG. 1. One-electron representation of a continuous distribution
of amphoteric recombination centers [density of states N(E)]. When
unoccupied, the Si dangling bond (i.e., recombination center) D will
be positively charged (D*); when occupied by one electron, the
recombination center is neutral (D). These two charge conditions
are represented here at the same energy level. When occupied by
two electrons, the recombination center is negatively charged (D7),
and if the correlation energy U is positive, it is represented as up-
ward shifted by U (as sketched here). E,, and E, are the demarca-
tion levels, whose position depends on the generation rate G.

illumination levels.!*> DB states have three different charge
conditions, i.e., their occupation by zero, one, or two elec-
trons leads to three different charge states of the Sij sites.
They can be

(1) either positively charged when not occupied by elec-
trons (D7) (trivalent bonded Si atom, Si}),

(2) or neutral when occupied by one electron (D) (triva-
lent bonded Si atom with a singly occupied bond, Sig),

(3) or negatively charged when occupied by two electrons
(D7) (trivalent bonded Si atom with two electrons on the
dangling bond, Si3). In this case, the energy level is shifted
by an amount U.

The correlation energy U is the energy required to place a
second electron in the same Si; orbital, and thus the energy
difference between the transition levels D*/D° and D°/D.
Hubin et al.'! found, under the conditions of a medium illu-
mination level, a closed-form expression for R where only
the total density of dangling bonds (Npp) appears; that is, we
do not need to know the shape of the continuous distribution
of DB states.

Figure 1 shows the typical one-electron representation of
the distribution of recombination centers in a-Si:H. In the
recombination model, only transitions of free carriers to the
localized dangling bond states are considered. Direct recom-
bination between free carriers (band to band) and transitions
between localized states are neglected. The demarcation lev-
els, denoted E,, for electrons and E,, for holes, are the quasi-
Fermi-level for traps, which means that states in the energy
interval [E,,,,E,p] act as recombination centers and, therefore,
not as traps. By definition, thermal emission processes from
such recombination centers can be neglected if the genera-
tion rate G is high enough.'?> Recombination in band tails can
be neglected until G becomes high enough to push the de-
marcation levels very near the respective bands. This leads to
the microscopic picture shown in Fig. 2, where two parallel
recombination paths exist. Both consist of two successive
capture events:
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FIG. 2. Successive capture events leading to electron-hole re-
combination through DY i.e., when most recombination centers are
in the neutral state. Two paths coexist (denoted by 1 and 2). Ther-
mal emission processes are neglected. ny and py are the free-carrier
densities; D*, DY, and D™ are the positively, neutral and negatively
charged conditions of the dangling bonds; and r p, rt 0, and r, are
the corresponding capture rates.

(1) hole capture on a D° which changes the D into a D*
(D°+h— D*, capture rate r ) followed by electron capture
on this D*, turning it again "into a D° (D*+e— DO, capture
rate r);

(2) electron capture on a D° which changes the D into a
D~ (D"+e— D, capture rate rg), followed by hole capture
on this D™, turning it again into a D° (D~+h— D", capture
rate r;).

Along both paths, the recombination is limited by the less
probable capture event (the smaller capture rate). Under
steady-state conditions, if r2<r;, more DBs are in the neu-
tral than in the positively charged state, and if additionally
r <r,, DBs in the negatrvely charged state are rare as well.
If on the contrary, r, Os ry and r, >r , most DBs are either in
one or the other charge state and the resulting microscopic
picture is more SRH like. However, in the microscopic pic-
ture of SRH, there is only one recombination path through a
recombination level having two charge conditions, i.e., neu-
tral or negative.

Three hypotheses have to be made to find the closed-form
expression for R:

(1) The steady-state condition is fulfilled independently at
each energy level.

(2) The illumination level is high enough so that the de-
marcation levels for electrons (E,,) and holes (E,,) lie outside
the distribution of DB states (see Fig. 1).

(3) The capture cross sections of the DB states are inde-
pendent of the energy level.

Under these three hypotheses, the calculation of R can be
reduced to the case of a discrete recombination level with
three charge conditions.!! The resulting recombination rate
can be written in terms of capture cross sections as

0 0
nea, +pf0!2
0

Rpp= ()UthDB’ (1)
Pi% %
nea, pro,

where Npjp is the total density of dangling bonds, vy, is the
thermal velocity, ng and p. are the densities of free electrons
and holes, respectively, o, and cr are the capture cross sec-
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tions of the neutral states, and o] and o, are the capture
Cross sectlons of the charged states. For ny=~ py, the larger the
ratio 0*/ ", the most of DBs are in the neutral state, and the
more the difference between Rpp and Rgpy is pronounced:
When the two conditions o}/ 0)>ps/n, and o,/0y>nlp;
are fulfilled simultaneously, the expression for Rpy reduces
to

Rpp= (”fag +Pf02)vthDB, (2)

which means that the recombination rate is limited by the
larger free-carrier density which is opposite to the SRH case.
From now on this range will be called the “DB; domain.”
Conversely, for the SRH expression, the recombination is
limited by the lowest free-carrier density:'*!1>

np 1 1\
Rspr = vplNe=\——+——| vV (3)
Lli + 1_7.£ O-pr (Tnnf
o, O,

For extrinsic, sufficiently doped a-Si:H, one type of
charged dangling bonds is dominant (e.g., in n-type doped
a-Si:H, most DBs are negatively charged), and finally, Eq.
(1) reduces to a SRH-like rate, and consequently, a similar
microscopic picture as for SRH recombination is reached.
Taking, e.g., n-type material, where n;> p,, the expressions
for R are similar:

(1) By DB recombination, Eq. (1) with n//p;> 0'_/0'0 re-
duces to Rpp=p 0,0 hNDB ie., rccombmatlon occurs through
path 2 in Fig. 2 (as r <r' and r <r,; if ny>p;, then r
> % and recombmatron path 1 drsappears)

52) By SRH recombination, Eq. (3) with n/p;>0,/0,
reduces to Rggy=pso,v ;. Therefore, this range of recom-
bination will be called the “SRH domain.*

In Fig. 3, Rpp is plotted as a function of n; and p, [see Eq.
(1)]. The ratios of the capture cross sections are set to the
values given in Sec. IV B, which allow the best fit of the
experimental data with our model: The ratio of neutral elec-
tron to hole capture cross section o/ 02 is set to 1/20, and
the ratio of charged to neutral capture cross section is set to

arl o' =0,/ ap 500. The chosen value for the dangling bond
den51ty NDB—S X 10" ¢cm™ is within the range of the com-
monly accepted values for device grade a-Si:H (Npg
=10"-10' cm™3).'%!17 The additionally used values are 0'2
=107 cm? and v,=2X10" cm/s. They are further dis-
cussed in Sec. II C.

One can note the following general trends in Fig. 3: Rpp
reaches a maximum value for n;=p. However, if one aims at
minimizing R in undoped material (i.e., in material where
ny=p,), one sees from Fig. 3 that there is a local minimum at
high Rpp (dark gray surface), occurrrng in a range of nf/ Dy
determined by the value of o, 976°. The absolute minimum
value of Rpp can be reached when ne#ps>1or <1, ie., by
field effect, where by strongly reducing the density of one
carrier type we reach the same microscopic picture as for
extrinsic, doped a-Si:H and, thus, as for SRH recombination
(white surface). In the experiments (described in Sec. IV B)
used in this work for the characterization of the passivating
properties of various amorphous silicon layers, the ratio
nyp, varies with time. At first (high-injection level), n,
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FIG. 3. Recombination rate Rpp in a-Si:H as a function of the
free-carrier densities n5 and py. In this plot, capture cross-section
ratios are set to Ug/ap=1/20 and U;/nga;/a]?:SOO. Over the
gray surface, the recombination cannot be described by a SRH-like
recombination rate; it has to be described by Eq. (1) and is therefore
called the “DB domain.” In its center, the dark gray surface denotes
the DB; domain, where Eq. (1) can be simplified to Eq. (2); i.e.,
recombination is dominated by majority carriers and, thus, opposite
to the common SRH recombination. Out of the gray surface, the
white surface is the SRH domain, where the recombination rate Rpp
reduces to a Rggy-like rate; i.e., the recombination process is limited
by minority carriers. The trajectories on this surface plot are dis-
cussed in Sec. II C.

=ps As time proceeds, the illumination level is either de-
creased exponentially (quasi-steady-state method) or it is
switched off (transient method). As a consequence of recom-
bination, n¢/py then varies with time, and Ry varies accord-
ingly, remaining over the surface plot of Fig. 3, as, e.g., in
the shown trajectories.

B. Surface recombination calculation

The disturbance of the symmetry of the c-Si crystal lattice
at the wafer’s surface results in localized dangling bonds,
whose electronic state levels lie within the band gap. By
growing a-Si:H on the wafer surface, the density of DBs is
reduced, but is, nevertheless, supposed to be larger than in
the subsequent bulk a-Si:H layer.!®!° However, a detailed
knowledge of the characteristic depths over which recombi-
nation takes place within the passivating layer is lacking.
Therefore, we shall reduce the abrupt a-Si:H/c-Si interface
plus the subsequent passivating layer thickness where free
carriers from the wafer can still recombine to what we call
further on the “interface:” Consequently, we reduce the
three-dimensional interface recombination to a two-
dimensional interface recombination. The following param-
eters are, thus, some average of the abrupt a-Si:H/c-Si inter-
face plus an unknown part of the a-Si:H further grown.
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FIG. 4. Example of the charge distribution and the band diagram
at the p c-Si/i a-Si:H interface under illumination. Hence, we as-
sume a unidirectional diffusion current flow from the c-Si into the
intrinsic or lightly doped a-Si:H influencing the interface DB charge
state. The resulting sketch is that of a small band gap insulator.

Using the same description of recombination via dangling
bond states as for bulk a-Si:H, the interface recombination
rate Uy is given in analogy to Eq. (1) by

0 0
ngo, + po
_ OsUnTPs%p
Us=Upp= i) — o VinlVs, (4)
BT +1+ ﬂif

.
ngoy pso,

where the three-dimensional bulk DB density N, (cm™)
reduces to a two-dimensional interface state density Ny
(cm™). To describe two-dimensional recombination, com-

monly the interface recombination velocity S is introduced,?
defined as

USE SAns’ (5)

where An, is the excess carrier density at the interface. As a
result of some field-effect passivation contribution, An,
=Ap, is no longer valid. Thus, an effective surface recombi-
nation velocity S, is defined as®

P— -
4 An(x=d)’

at a virtual surface within the wafer positioned at x=d, the
edge of the c-Si surface space charge region (see Fig. 4),
where the bulk c-Si photogenerated excess carrier densities
obey An(x=d)=Ap(x=d).

The interface carrier densities ny(x=0) and p,(x=0) are
functions of the surface potential W that must be numeri-
cally determined. Assuming a unidirectional diffusion cur-
rent flow from the c¢-Si into the a-Si:H used here (intrinsic or
microdoped), the passivation layer is implicitly considered as
a small band gap insulator. For this description, we use the
classical drift and/or diffusion transport equation valid in
¢-Si, from which n,=(ny+An)exp(+qW¥s/kT) and n,=(p,
+An)exp(—-qWs/kT). The surface potential Wy is given by
the nonlinear equation:

(6)

QSi == qz

2kTn;€)€s; v +n,
\/ iCOSSi | (@, WgUKT _ ,q®, KT | ,q(¥g-® KT _ g7 . 1 s(Po +10)

, 7
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where @, and P, are the quasi-Fermi-levels of electrons and
holes at the edge of the space charge region (x=d) and
are given by ®,=—(kT/q)In[(no+An)/n;] and ®,=
+(kT/q)In[(po+An)/n;].3 These quasi-Fermi-levels depend
on the nonequilibrium density of the respective carrier type
(electron or hole) and are, thus, injection level dependent. In
this description, Qg; is the total image charge density induced
in the c-Si. This charge density is the electrostatic image
force induced by the charged defects in the a-Si:H in the
interface zone as defined previously. As sketched in Fig. 4,
the presence of charged defects in a-Si:H results in a free-
carrier density variation in the c-Si bulk close to its surface
(Qsi). Note here that, contrary to c-Si, the major effect of
ionized doping impurities in a-Si:H is to modify the average
state of charge of the DBs, which results in the simultaneous
variation of the free-carrier densities only for high a-Si:H
doping impurity concentrations.?! In intrinsic a-Si:H, the
density of free carriers and ionized impurities is negligible
compared to the density of dangling bonds. Hence, our major
model variable is the average state of charge of the (fixed)
DBs, Qs. Consequently, the sign of Qg gives the average
charge state (— or +) of DBs within the passivating layer
thickness affecting the wafer’s free-carrier recombination.
For simplicity, we consider only the net surface charge den-
sity Qg, inducing the bulk image charge density Qg; in the
c-Si.

In order to keep a minimum number of parameters neces-
sary to reproduce the experimental behavior and allow us to
get a simple physical picture of recombination at the a-Si:H/
c-Si interface, the band offset between a-Si:H (band gap of
about 1.75 eV) and c-Si (band gap of 1.1 eV) is not taken
into account, as sketched in Fig. 4. However, for the numeri-
cal simulation of heterojunction devices, such as, e.g., SCAPS
for solar cells, the discontinuities in the energy bands E. and
Ey have to be considered for the proper modeling of inter-
face recombination governing charge transfer from one layer
to the other in functional devices.?>?3

Thermal emission processes from DB states are neglected
to find the closed-form expression Rpp in Sec. II A. How-
ever, thermal emission from recombination centers within
the c-Si band gap into the a-Si:H layer cannot be neglected,
as otherwise surface recombination tends to zero when n;
and/or p, is very small, a situation that can occur for intrinsic
or lightly doped c-Si and which is not observed in practice
(see Sec. IN). Therefore, n, and p, in Eq. (4) have to be
replaced by (n,+n,) and (p,+p;),® where n; and p, are the
thermally emitted carrier densities from c-Si recombination
centers. Recombination in the bulk of ¢-Si is governed by the
SRH formalism; i.e., recombination occurs through centers
in the gap having two charge conditions. Again, aiming to
keep the model as simple as possible, we assume a single
c-Si recombination center located at x=d with its energy
level in the middle of the gap, denoted by E, in Fig. 4. There-
fore, we can write n,=n;exp[(E,~E)/kT] and p,
=n; expl(E;—E,)/kT], where E, is the energy level of this
center at x=d. The position of the middle of the c-Si band
gap at x=d with respect to the middle of the a-Si:H band gap
is given by Wy and, therefore, E(x=d)-E(x=0)=—qVs.
The emission takes place into DBs with an assumed distri-
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FIG. 5. Calculated behavior of S, .(An) of a lightly p-type
doped (130 Q cm) ¢-Si wafer passrvated with a-Si:H when varyrng
the ratios of the capture cross sections o, /0' and o}/ 0' =0, ] a

bution full width of 250 meV (see Fig. 1). Therefore, the
emission rate should stay constant above a certain absolute
value for W E,—E; is thus fixed to —g sign(Wy)
X 125 meV for [W¢|= 125 meV.

Further on, the effective surface recombination velocities
calculated with this model will be referred to as Seffes the ¢
standing for calculation to clearly distinguish between calcu-
lated and measured values.

C. Effect of model parameters

First, we illustrate the effects of the microscopic recom-
bination model parameters (i.e., the capture cross-section ra-
tios), which will be later individually set to a unique value
for all a-Si:H/c-Si combinations. By setting o’/ 0' equal to
o,/ a' we can reduce the model’s parameter number in
agreement with most data published in the literature.?* Fig-
ure 5 illustrates the effect of varying capture cross-section
ratio values on the injection level dependence of S, on a
lightly p-type doped (130 ) cm) c-Si wafer passivated with
a-Si:H. In this calculation, the values of the surface recom-
bination center density Ng and the surface charge density Qg
are set to Ng=2X 1010 cm™? and Q4=+2 X 10'° cm‘2 Note
that from Eq. (4), as 0' appears in the product Na°, N can
be scaled with 02 A reasonable value of 00=10" o cm? is
chosen, as usual for neutral midgap states.”> The thermal
velocity is set to v,;,=2X 107 cm/s, i.e., to the thermal ve-
locity of c-Si, where Ugp, Uy AS the effective masses of
electrons and holes are only sflghtly dlfferent The neutral
electron and hole capture cross sections cr and cr are gen-
erally assumed to be in the same range.?* The dotted curve in
Fig. 5 shows the calculated injection dependence of S,
with (r 0' together with a value for the ratio of charged to
neutral capture cross section equal to o, /0' =0, /0' =50 (as
found by Beck et al.?%). The dashed curve shows the calcu-
lated behavior of S, w1th the neutral electron to hole cap-
ture cross section o, / p— 1/4. This value is obtained by us-
ing the experlmentally observed ratio of the a-Si:H w17’
product w,, 7/ ,LLPT =10,?” considering a value for the ratio of
mobilities in a-Si:H w,/u,=3, (Ref. 28) and the slight asym-
metry in thermal velocity ratio v,,,n/ Ui, = 1.22. For the solid

curve, we assumed the values found to give the best fit to our
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FIG. 6. Calculated behavior of S, .(An) of a lightly p-type
doped (130 © cm) ¢-Si wafer passivated with a-Si:H. When reduc-
ing the surface recombination center density Ng, Sz is reduced
over the whole injection level range. Positive or negative surface
charge densities induce field-effect passivation, and hence, modify
the excess carrier density at which the minimal value of S,z is
reached, as well as the absolute minimum value of Semc.

whole set of experimental data (see Sec. IV B), 0'2/ 0'2
=1/20 and o3}/ oy=0,/ o) =500.

The variation of the capture cross-section ratio 0'2/02
modifies the symmetry of the surface plot in Fig. 3 and sets,
thus, the local minimum of S, . with respect to nf pyin the
curve in Fig. 5. The increase of 0'+/ o,=0,/ 0'p from 50 to
500 widens the DB domain and, thus enlarges the range of
the local minimum of S, .

In order to illustrate the effects of the two remaining re-
combination model parameters Ng and Qg, we calculate Sz .
as a function of the excess carrier density with the micro-
SCOplC parameters set to the values above ((r /0' =1/20,

arl 0' =0,/ 0'[, 500). Ny represents the interface densrty of
danghng bonds (recombination centers) and, thus, the quality
of the passivation, whereas Qg is the average state of charge
of the defects and is, thus, representative of the magnitude of
the field effect on the passivation. Figure 6 shows again the
case of a lightly p-type doped c-Si wafer passivated with
a-Si:H. As can be seen, a reduction of the interface recom-
bination center density Ng shifts S, .(An) down [as S,
given by Egs. (4) and (6) is simply proportional to Ng], while
adding field-effect passivation by positive or negative sur-
face charge density Qg increases the injection dependence of
Sefre- These are the rough tendencies observed generally for
surface passivation.®

For the purpose of comparison, the regions of the curves
highlighted with stars correspond to the SRH domain in Fig.
3. The rest of the curves belong to the DB domain, wherein
the parts highlighted by circles belong to the DB; domain
(see Fig. 6). On a lightly p-type doped wafer surface, without
any surface charge Qg, one has p,=n,, and, as a result, the
recombination rate never lies in the DB; domain when
02/ 0'2= 1/20. Conversely, depending on the amount of posi-
tive surface charge density, an inversion of the p c-Si surface
ny,=p, results in a shift of Rpp into the DB; domain. Finally,
negative surface charge density leads to hole accumulation at
the p c-Si surface and, thus, p,>n,, resulting in the recom-
bination rate Rpp lying in the SRH domain. The variations of
Rpp as a function of n; and p, are visualized by means of the
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surface plot of Rpp in Fig. 3 for the three cases where Qg
=0, Q¢=+8X 1019 ¢cm™2, and Q¢=—-8X 109 ¢cm™2. We ob-
serve that, whereas n,=p; at high injection levels, at lower
injection levels n (p,) remains constant, and this corresponds
to minority-carrier-limited recombination and to a slice plane
in the surface plot of Rpg(n,,p,).

We conclude that the physical effect of positive (negative
or neutral) dangling bond charge in the interface region al-
lows the tuning of the magnitude of field-effect-like passiva-
tion. High surface charge densities Qg, as resulting from
a-Si:H doping or external field application, are needed to
reach the microscopic picture when the dangling bond re-
combination rate Rpp simplifies to the SRH-like rate. As long
as lightly doped c-Si wafers are passivated with intrinsic
a-Si:H layers, the amphoteric nature of the DB states domi-
nates recombination and, consequently, the SRH recombina-
tion model does not allow the reproduction of the experimen-
tal data.

III. EXPERIMENT
A. Passivation layers

a-Si:H passivation layers are grown by very high fre-
quency plasma enhanced chemical vapor deposition at
70 MHz and at a substrate temperature of 180 °C under
standard conditions used for a-Si:H solar cell fabrication in a
single chamber plasma reactor. Intrinsic (i) layers are grown
with a mixture of silane (SiH,) and hydrogen (H,) as source
gases (silane concentration SC=[SiH,]/[SiH,+H,]=30%).
By adding only a few ppm of doping gas [phosphine (PH;)
for n-type doping and trimethylborane for p-type doping,
both diluted in H,] to the gas mixture used for i-layer
growth, the average state of charge of the DBs and, thus, Qg
can be varied without much influencing neither the dangling
bond density Npg.2° Such low-level doping is called micro-
doping (udop). Heavier doping results in an increase in the
dangling bond density Npg and does, thus, no longer permit
to vary Qg independently of Npg. Doped a-Si:H layers are
used in this work only stacked with i a-Si:H layers. These
configurations permit to modify the average state of charge
of the DBs by the electric field imposed in the i a-Si:H layers
when fixing the outer surface potential. The abrupt a-Si:H/
c-Si interface of our samples and devices is verified by trans-
mission electron microscopy. Our interfaces look similar to
those published by other authors.

The experimental technique used here for the evaluation
of the surface recombination velocity requires double-sided
c-Si wafer passivation. For modeling purposes, the surface
passivation has to be symmetric as well [Eq. (8) is, other-
wise, not applicable]. Consequently, all the wafers studied
here are sequentially passivated on both sides. Prior to
a-Si:H growth, the native oxide on top of the out of box, both
side polished c-Si wafers, is removed by diluted HF. After
double-sided a-Si:H passivation, samples are thermally an-
nealed at the deposition temperature (180 °C).

B. Lifetime measurements

In order to evaluate the interface recombination rate by
Sefr» We use high-quality lightly doped, double-side polished
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float-zone wafers. The bulk carrier lifetime 7, of these c-Si
wafers is set to 10 ms (a rather overestimated value).

The overall recombination is evaluated via an effective
lifetime measurement from which S, can be deduced. The
excess carrier density (ECD) dependent effective carrier life-
time 7,4 in double-side passivated ¢-Si is evaluated with a
Sinton Consulting WCT-100 system with both the transient
and quasi-steady-state (QSS) photoconductance
techniques;®' the latter analyzed in the so-called generalized
mode. In this setup, the inductively measured excess photo-
conductance is given by o;=q(Ang,m,+Ap,,m,)W, where
Ang,,=Ap,, is the average ECD, W the wafer thickness, and
ty, and w, the well known electron and hole mobilities in
c-Si. 7,4 is related to An,, by the generation rate G;. The
experimentally measured value of ECD corresponds to the
model variable An(x=d)=Ap(x=d) in Eq. (6). The transient
photoconductance measurement mode consists of measuring
wafer conductivity vs time after a very short and intense
light pulse. This technique is only appropriate for the evalu-
ation of photogenerated carrier lifetimes appreciably greater
than the flash duration. On the contrary, in the QSS mode,
the wafer conductivity vs illumination level is measured dur-
ing a long, exponentially decaying light pulse, where the
generalized analysis of the data allows the characterization of
arbitrary lifetimes. In order to evaluate the effective interface
recombination rate over the widest possible range of ECD,
several measurements are combined. This is the origin of
some small discontinuities present in the following measure-
ment data. At low excess carrier densities, the data are often
acquired in the transient mode. Transient and QSS data,
when analyzed in the generalized mode, converge to almost
identical values at higher ECDs, but in some cases bigger
discrepancies occur at lower ECDs. This will be further dis-
cussed in Sec. IV D 1.

Due to the rather high lifetimes measured and the sym-
metrical surface passivation scheme used here, the effective
surface recombination velocity S, at the a-Si:H/c-Si inter-
face is related to 7, by the simplified equation:

S _<L l)V_V (8)
TNy w27

All S, calculated by Eq. (8) from measured 7, will be
called measured S,z and be referred to as S, further on.

Additionally, from lifetime measurements, an expected
open-circuit voltage can be deduced. This value is calculated
from the separation of the quasi-Fermi-levels.?’

IV. RESULTS: MODELING EXPERIMENTAL DATA
A. Motivation

In order to be able to extract criteria for the quality of
interface passivation (the value of Ng), we want to fit the
measured S,,,(ECD) with our model described by Eqs. (4),
(6), and (7). For this purpose, the values of the capture cross-
section ratios 0'2/ 02, 0';/ 02, and 0';/ 0'2 have to be known. If
one refers to values published in the literature,?* their range
is so wide that this does not allow a fit of our experimental

data with our model, as their influence on injection level
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dependence is so important. Thus, here we measure the in-
jection level dependence of the effective surface recombina-
tion velocity and choose values which allow for a reasonable
fit of all our experimental data simultaneously. Then, while
keeping these values set, we analyze the S,,,(ECD) curves
as a function of Ng and Q. Thus, by fitting measured
S.sr.m(ECD) curves with our model, we want to find the mi-
croscopic mechanism limiting the interface recombination.
This knowledge will allow us to exploit the performances of
this specific passivation scheme in many different applica-
tions, such as thin-film transistors and solar cells (front,
back, and diffused emitters). Here, we demonstrate the per-
formance of the a-Si:H passivation scheme by fabricating
heterojunction solar cells on c-Si for both p and n doping

types.

B. Methodology

In the whole mathematical description of our model, there
is only one single equation that cannot be easily calculated.
The nonlinear Eq. (7) is, therefore, solved by MATLAB. Fur-
ther on, in order to evaluate the couple of model parameters
Ng and Qg characterizing passivation, resulting from either
the reduction of interface recombination center density or
from the field effect, we have to determine the capture cross-
section ratios involved in Eq. (4). The best fits with our
model to the experimental data, obtained for a thickness se-
ries of i a-Si:H layers on lightly p- and n-type doped as well
as on intrinsic wafers, yield a capture cross-section ratio of
neutral electron to hole 0'2/ o-?,: 1/20 and charged to neutral
capture cross-section ratios o,/ 02:0';,/ 0=500. These best
fits were obtained by several trial and error, “manually” in-
troducing various sets of published values for 0'2/ 02 and
arl a’ﬁ:a"/ o°.2* Once the microscopic parameters are fixed
to their preevaluated values, then Ny and Qg, giving the best
accordance between the model and the experimental data for
each case, are again obtained by “manual” adjustment. Such
a procedure is not time consuming here, as (see Sec. II C) Qg
gives the shape of the S, .(ECD) curve while the magnitude
of N only shifts up or down the whole curve by a constant
factor. To summarize, MATLAB calculation input parameters
are the capture cross sections 02, 0'2, 0'2, 0; and the thermal
velocity v,,; further, we search the set of c-Si/a-Si:H inter-
face parameters Ng and Qg giving a reasonable agreement
between theory and experience.

First, we investigate the passivation performance of in-
trinsic a-Si:H on c-Si with an a-Si:H layer thickness of 5 nm
as used in heterojunction solar cell devices.’> As such thin i
a-Si:H layers are never used without capping layers, we ex-
ploit the passivation performance of i a-Si:H by growing
40 nm thick layers instead, which are slightly thicker than
the typical total thickness of stacks grown for heterojunction
solar cell fabrication. Further on, we change the average DB
charge state of 40 nm thick i a-Si:H layers by microdoping,
thus, varying Qg without increasing Ng. The same additional
field-effect passivation is realized by growing stacks of i
a-Si:H plus doped layers. Table I summarizes the couples
Ng/ Qg found to give best accordances between measured and
calculated injection level dependent surface recombinations
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TABLE 1. Model parameter couples Ng/ Qg giving the best accordance between measured and calculated
injection level dependent surface recombinations for various configurations of passivating layers and c-Si
wafers. 0'2/ 02:1/ 20 and 02/0'2:0;/ 02:500 are the same for all layers.

Sample Ny Qg
No. a-Si:H layers? Wafer (100 cm™2) (10" cm™2)
1 5 nm intrinsic (i) >15kQcm (n),° 12 6
2 40 nm { >15kQ cm (n) 11

3 5nmi n 60 Q cm, a¢ 7 -9
4 5nmi n 60 O cm, 10hDD® 17 1
5 40 nm i n 60 ) cm 2 2
6 500 nm { n 60 () cm 6 2
7 5nm i p 130 Qcm}? 11 1
8 40 nm § p 130 Q cm 4 2
9 40 nm udop n >15 kQ cm (n) 1 -10
10 40 nm udop p >15 kQ cm (n) 7 8
11 40 nm udop n n 60 ) cm 1 -12
12 10 nm i+40 nm n n 60 Q) cm 1 -15
13 40 nm udop p n 60 ) cm 3 2
14 10 nm i+30 nm p n 60 ) cm 2 1
15 40 nm pdop n p 130 Q cm 4 -4
16 10 nm i+40 nm n p 130 O cm 1 -9
17 40 nm pdop p p 130 Q cm 6 2
18 10 nm i+30 nm p p 130 O cm 10 1

4Grown symmetrically onto both sides of the wafers.
PAfter 10 h dark storage in ambient atmosphere.
“Annealed.

for the various configurations of passivating layers/c-Si wa-
fers studied experimentally here. In the resulting figures, the
measured S, (ECD) is indicated by symbols, while
Setr..(ECD) calculated with the model parameters given in
Table I is indicated by lines. 7,,{ECD) as originally acquired
by the Sinton lifetime tester is indicated by the right hand
side of the y axis of the figures. To the axis with gray labels
scaling 7,;{ECD) for the intrinsic and lightly n-type doped
wafers, a second scale with labels in italic is added for the
lightly p-type doped wafer that is almost twice as thick [see
Eq. (8)]. Note that as for 7, a finite value of 10 ms is set, the
simple inverse proportionality of 7, to S,/ assumed for the
right hand y axis becomes invalid as 7, approaches 7, and,
consequently, these axes are limited to 5 ms. Concretely, the
maximum measured value for 7, of 2.5 ms is, in the graphi-
cal representation by the right hand y axis, overestimated by
30%.

Finally, the passivation performance of asymmetrically
grown stacks, i.e., i a-Si:H/p a-Si:H on one side and i
a-Si:H/n a-Si:H on the other side, are measured as well. The
deposition of metallic contacts on the top layers of these
stacks results in heterojunction photovoltaic devices. The
measurements of the high performances of these devices
prove the validity of this passivation scheme for c-Si.

C. Passivation by intrinsic a-Si:H layers

Figure 7 shows the measured ECD dependent interface
recombination, measured on samples consisting of 5 nm

thick i a-Si:H layers grown symmetrically on three different
c-Si wafers: intrinsic, lightly doped n and p type. The mea-
surements are made directly after thermal annealing as well
as after 10 h of dark storage in ambient air (partially shown
in Fig. 7). This comparison illustrates the effect of the
change at the outer surface of the i a-Si:H layer (e.g., post-
oxidation or water adsorption), leading to an ill-defined outer

10000
0.01
1000 0.01
/\U? 10.1
8100 01
5 5nm i g
@ + #1:>15kacm (n), 10hDD | 5
£ 10} o #3:n60Qcm, ann s e
* - #4:n60Qcm, 10hDD [ 3
1 . * #7:p130Qcm, 10hDD
1012 1013 1014 1015 1016 1017

Excess Carrier Density (cm'3)

FIG. 7. Variation of the effective surface recombination velocity
as a function of excess carrier density measured for intrinsic 5 nm
thick a-Si:H layers passivating three different c-Si wafers. On the
lightly n-type doped wafer, the S,,,(ECD) measurements are
shown directly after thermal anneal (ann) as well as after 10 h of
dark storage in ambient air (10hDD). The symbols show the experi-
mental values, and the lines are the best fits with parameters given
in Table L.
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10000

40nm’i
+ #2:>15kQem (n)fo.o1
1000 #5:n60acm | 0-01
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= 1S
%) T
E 10} 10
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Excess Carrier Density (cm's)

FIG. 8. Measured (symbols) and fitted (lines) variations of S,
as a function of ECD for intrinsic 40 nm thick a-Si:H layers passi-
vating three different c-Si wafers. Fitted curves are obtained with
the parameters listed in Table 1.

surface potential, as verified by the corresponding value for
the surface charge density Qg extracted from our model (see
Table I, samples 3 and 4).

Because of this instability with respect to storage in air,
such ultrathin i a-Si:H layers, unprotected by further grown
capping layers (such as a doped a-Si:H layer in heterojunc-
tion solar cells or a SiN, layer in a c-Si solar cell*), are of no
practical use. Thus, typical a-Si:H passivation layers used in
this work are 40 nm thick. Their interface passivation perfor-
mance on the different wafers is shown in Fig. 8. Such
thicker layers permit to suppress the postoxidation effects on
the a-Si:H/c-Si interface passivation. In this case, the slightly
positive value obtained for Qg (samples 2, 5, and 8 in Table
I) in the interface layers could originate from the here ne-
glected band offset between crystalline and amorphous
silicon.?* Indeed, in general, the conduction band offset is
found to be smaller than the valence band offset in the lit-
erature, and this can lead to positive charged DBs at the
interface.

Interestingly, the value of Ny evaluated from our fitting
procedure depends on the a-Si:H layer’s thickness (see Table
I: 5, 40, and 500 nm i a-Si:H, samples (4-6). Ny is reduced
by increasing the thickness of the passivation layer from
5 to 40 nm. This observation is explained with a technologi-

10000 . . . i
pdop n, 40nm
4 #9:>15kacm (”)3%061
1000 transient  * #11:n60Qcm :
0 #15: p 130Qcm
£
£ 100}
(7]
& 10}
o

1 L L L L
10% 10® 10™ 10" 10 107
Excess Carrier Density (cm'3)

FIG. 9. n-type microdoped 40 nm thick a-Si:H layers passivat-
ing three different c-Si wafers. The symbols show the measure-
ments, and the lines the fits with parameters from Table I of the
ECD dependent S,
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1000 . #13:n60Qcm |
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FIG. 10. Effective surface recombination as a function of ECD
measured for p-type microdoped 40 nm thick a-Si:H layers passi-
vating three different c-Si wafers. The symbols show the measure-
ments, and the lines the fits with parameters given in Table I.

cal phenomenon: the production of surface defects by the
initial interface between the plasma and the c-Si surface.
Subsequent growth of the a-Si:H layer leads, due to struc-
tural relaxation, to a reduction of this plasma-induced defects
at the c-Si surface. This relaxation effect is still occurring for
a-Si:H layers that are about 30 nm thick.* For i a-Si:H layer
thickness increasing from 40 to 500 nm, we observe again
an increase of Ng with no variation in Qg as seen from Table
I. This more defective interface may be induced by increas-
ing mechanical stress at the c-Si/a-Si:H interface when grow-
ing such thick layers.3¢

In summary, our recombination model fits well to the ex-
perimental data and allows a quite simple interpretation of
the observed effects of postoxidation and thickness depen-
dence of passivating properties of i a-Si:H layers on three
different c-Si wafers.

D. Passivation by microdoped a-Si:H layers

Figures 9 and 10 show the dependence of S, on ECD for
the three different c-Si wafers passivated with microdoped
n-type and p-type a-Si:H layers having a thickness of 40 nm.
A sketch of the recombination model pertaining to this case
at the a-Si:H/c-Si interface is given in Fig. 11 for intrinsic
c-Si.

The n-type microdoping leads to a strongly increased av-
erage negative state of charge of the dangling bonds within

Qsl+ o, Qsf- 5. o
q DO/D- s Si DO/D- QSI
a-dSi: + +i c-Si a-dSi:H - -jc-Si
‘ wdopn (| udop p (",
D*/D° D*/D°
+ -

FIG. 11. Sketch of the average state of charge of the recombi-
nation centers in microdoped a-Si:H layers passivating intrinsic
c-Si: n-type udop is shown on the left, p-type wudop on the right
(charge density is adapted to measurements). The sketched occupa-
tion level in the a-Si:H distant from the interface in the drawings
illustrates the expected “bulk” occupation in microdoped a-Si:H
layers.
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the passivation interface (as shows up in the values of Qg for
samples 9, 11, and 15 in Table I). Note that, as expected, Ng
is not modified by microdoping. The experimental data mea-
sured for n-type microdoped a-Si:H passivation layers on
lightly p-type microdoped c-Si show a discrepancy between
the transient (low to middle illumination level) and the QSS
(middle to high illumination level) measurements and are
consequently poorly fitted too. How this could be related to
differences in the two measurement modes is discussed in
Sec. IVD 1.

For p-type microdoped passivating a-Si:H layers, fit pa-
rameters (i.e., Ng and Q) do not differ much from the intrin-
sic ones (as can be verified with a comparison of samples 10,
13, and 17 with samples 2, 5, and 8 in Table I). The reason
for this can be that the chosen microdoping level is not suf-
ficient enough to increase further the already existing posi-
tive charge state of the DBs observed for intrinsic layers.
Nevertheless, in this case, Ny increases slightly due to the
detrimental effect of boron incorporation, resulting in a more
defective a-Si:H structure already observable at low-level
boron doping.?

The measured injection dependence of microdoped
a-Si:H/c-Si interface recombination can be reproduced by
our model, but discrepancies between measured S, and
Sfr.c in the low ECD range show that the limits of validity of
our simplified model are reached on some samples (see, €.g.,
sample 11 in Fig. 9). These limits of validity are further
discussed in Sec. IV D 2.

1. Discrepancies between S, measured in the transient
and QSS modes

The S,s,,(ECD) curve of the lightly p-type doped c-Si
passivated by n-type microdoped a-Si:H layers shows large
discrepancies in the curve segments acquired in the transient
and QSS modes (see sample 15 in Fig. 9). We think that this
might be related to the fact that during QSS measurements,
although we use a filter to cut off wavelengths shorter than
700 nm, residual photogeneration can occur in the a-Si:H,
while during transient measurements there is only a carrier
flow from the c-Si; i.e., there are far fewer photogenerated
carriers inside the a-Si:H during transient measurements.
Consequently and roughly speaking, the interface layer ana-
lyzed during the lifetime measurement would be thicker in
QSS mode than in the transient mode. This also agrees with
the picture of a more defective a-Si:H material at the inter-
face: as the transient measurement analyzes some of only the
more defective initial a-Si:H layer, it thus yields higher re-
combination (S,) than the QSS measurement that analyzes
the less defective a-Si:H too. Further work is needed, how-
ever, to understand fully the reason why the transient and
QSS measurements yield the same results in the low to
middle ECD range for some combinations of passivation
layer and wafer type, while others do not.

2. Low-injection-level discrepancies between the calculated
and the measured S .5

In Figs. 9 and 10, discrepancies between the measured
Sefrm and the fitted S,z . can be observed in the low ECD
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FIG. 12. Sketch of the charge distribution when passivating
lightly p-type doped c-Si by stacks of i/n a-Si:H (left hand) or i/p
a-Si:H (right hand).

range (most pronounced for sample 11 in Fig. 9). In fact, the
increase of S, at low injection levels is due to the back
diffusion of thermally emitted carriers out of recombination
centers within the c-Si into the a-Si:H (n; and p;). As ex-
pected, this effect has to be taken into account when studying
interface passivation of undoped or lightly doped c-Si by
intrinsic a-Si:H. However, the discrepancies observed when
passivating c-Si by microdoped layers, at decreasing illumi-
nation levels, are not related with this phenomenon. It is
rather the condition relating to hypothesis 2 in Sec. II A that
is no longer fulfilled. The reason for this is that at low injec-
tion levels the energy interval limited by the quasi-Fermi-
levels for traps [E,,,E,,], within which electronic states act
as recombination centers and not as traps, does not include
anymore the whole DB distribution (see Fig. 1). Thus, at low
ECD, the number of DBs acting as recombination centers is
decreasing with decreasing ECD. As S, given by Egs. (4)
and (6) is simply proportional to N, the not further increased
Sefr.m With decreasing injection level can, thus, be explained.
In reality, the competing effects of free-carrier injection from
the ¢-Si wafer (that leads to an increase of Seff’v) and of the
decreasing Ny (that leads to a decreasing S,,.) can result in
an ECD independent measured S, in some specific cases.
In a-Si:H, the more the Fermi level is distant from midgap,
the greater the chance for E,, or Ej, to lie still in the DB
distribution at low ECD. The occurrence or not of low-
injection-level discrepancies between the calculated and
measured S, is in agreement with the calculated positions of
E,, and E,, on the whole set of our experimental data.

E. Passivation by double-layer stacks of intrinsic
and doped a-Si:H layers

In the aim of approaching lifetime test structures to the
configuration eventually used in heterojunction solar cells,
we grow symmetrical stacks of i a-Si:H/doped a-Si:H layers.
10 nm thick i a-Si:H layers with interface relaxing capping
layers reach low Ng. The doped layers are grown up to a
thickness of several tens of nanometers and physically fix the
i a-Si:H potential. Figure 12 shows this by means of a sketch
of the resulting charge distribution. The resulting Fermi level
shift in the i a-Si:H layer changes the average charge state of
dangling bonds in the same manner as in the case of micro-
doping. This similarity is the experimental evidence that mi-
crodoping and externally imposed Fermi level shift have the
same effect on a-Si:H passivating layers. The ECD depen-
dent passivation performance of stacks of intrinsic plus
doped a-Si:H layers is shown in Fig. 13 on lightly n-type
doped c-Si and in Fig. 14 on lightly p-type doped c-Si. For
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FIG. 13. Measured and calculated S, {ECD) for the lightly
n-type doped c-Si surface passivated by stacks of intrinsic plus
doped layers. Empty symbols and dotted lines replicate the micro-
doped layer’s passivation for comparison purpose. The symbols
show the measurements, and the lines the fits with the parameters
given in Table I. Microdoping the 40 nm thick i a-Si:H layer or
shifting the Fermi level in a 10 nm thick i a-Si:H layer externally
with a doped layer results in similar experimental behaviors of
So;(ECD).

purpose of comparison, the results from passivation by mi-
crodoped layers are replicated in these figures (empty sym-
bols and dashed lines).

The corresponding fit values (samples 12 and 16 in Table
I) show the expected behavior for stacks of i/n a-Si:H layers;
that is, Qg is strongly increased and negative and Ny is un-
changed.

In contrary to p-type microdoping, doped p-type layers
are verified to be really doped. Furthermore, they are the
same as used in our high-V,. heterojunction devices (see
Sec. IV F). Nevertheless, Qg and Ny stay as in the case of
p-type microdoping at about the same values as for the in-
trinsic passivation layers (compare in Table I samples 14 and
5 and samples 18 and 8). This poor passivation performance
of i/p stacks is also observed by other authors.3”-3

The measured injection level dependence of interface re-
combination of double-layer stacks of intrinsic and doped
a-Si:H layers passivating lightly p- and n-type doped c-Si is

10000 T T T T
tp 130Qcm: 10nm i + ni/p dop & 40nm pdop n/p
AN e #16: 10nm i+ 40nmn +o0.01
#15: 40nm pdop n - 0.01
’;1000 * #18: 10nm i+ 30nm p
g = #17: 40nm pdop p 101
S 100} 101
o )
: I, E
* R
E 10} .
n 5
-5

11012 1613 161“ 1615 1616 10"

Excess Carrier Density (cm's)

FIG. 14. Measured and calculated S, {ECD) for the lightly
p-type doped c-Si surface passivated by stacks of intrinsic plus
doped layers. Empty symbols and dotted lines replicate the micro-
doped layer’s passivation for comparison purpose. The symbols
show the measurements, and the lines the fits with the parameters
given in Table I.
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FIG. 15. Higher n- and p-type doped c-Si surfaces passivated
with asymmetric stacks of intrinsic plus doped a-Si:H layers. The
QSS and transient measurements are distinguished by plain and
empty symbols. These devices are the solar cell precursors whose
cell performances after further contact formation are shown in Fig.
16. Note that S:ff’m contains the information from the front and back
sides.

well represented by our model, besides the low-level ECD
discrepancies occurring between S, and S, ., which are
due to our simple model’s validity limits (see Sec. IV D 2).

F. Heterojunction devices

Finally, asymmetrically doped stacks of intrinsic plus
doped layers are grown on both sides of higher doped n- and
p-type c-Si wafers. With a reduced i-layer thickness of 5 nm,
these structures result in heterojunction solar cells, simply by
further transparent contact deposition. The injection level de-
pendent interface passivation of the two cell precursors
yielding the best cell performances is shown in Fig. 15. Mea-
surements shown are made by illuminating the stack contain-
ing the layer of opposite doping type than the c-Si wafer, i.e.,
the front of the solar cell precursor. Transient measurements
yield the same curves when illuminating from the other side
(not shown in Fig. 15) proving the validity of the hypothesis
of uniform carrier generation in the c-Si wafer. QSS and
transient measured data are presented both as 7,,{ECD)
curves as originally measured by the Sinton lifetime tester, as
for asymmetrical passivation, Eq. (8) is no longer valid. Nev-
ertheless, on the right hand y axis of Fig. 15, values for S,
as calculated from Eq. (8) are indicated to facilitate graphical
comparison with the preceding figures. The so calculated
S:ff,m corresponds roughly to the average of front and back
passivations. The respective contribution of each of both
asymmetrical surface passivation layers to S:fﬁm could be
evaluated by other lifetime measurement techniques such as
the microwave-detected photoconductance decay.’® In con-
trast to microdoped passivation layers, the transient and not
the QSS measurement mode yields lower Ssz,m values, i.e.,
better passivation quality. This observation can again be pos-
sibly related to the different a-Si:H/c-Si interface thicknesses
analyzed by the transient and QSS measurement modes men-
tioned in Sec. IV D 1. The transient mode, analyzing the re-
laxed 5 nm thick 7 a-Si:H layer, yields lower values for S,
than those obtained in the QSS mode, in which some of the
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FIG. 16. Heterojunction solar cell characteristics on flat n-type
and p-type doped c-Si. These are the devices whose precursor’s
passivation performances are shown in Fig. 15.

more defective doped layer is analyzed too. Together with
the already observed poorer passivation performance of
(even lightly) p-type doped a-Si:H layers, these observations
could also explain the slight differences observed when com-
paring QSS data measured when illuminating the side with
the stack including the p-type a-Si:H layer or when illumi-
nating the other side including the n-type doped a-Si:H layer
(not shown in Fig. 15).

As photoconductance in the stacked structure and device
open-circuit voltage are both ultimately measurements of the
same excess carrier density, a predicted open-circuit voltage
(Voe) value can be calculated from the lifetime data.®! At 1
sun illumination, these are V=705 mV on n-type c-Si and
Voc=695 mV on p-type c-Si for the solar cell stacked pre-
cursors shown in Fig. 15. Finally, in order to extract photo-
current out of these heterojunction structures, the stacked
precursors are contacted by the deposition of indium tin ox-
ide layers on both sides, followed by Al or Ag metallization
on the back, and structured into about 0.2 cm? area size solar
cells. Final device performances are evaluated from current-
voltage (I-V) curves under standard AM1.5 illumination and
external quantum efficiency measurements. The resulting -V
curves presented in Fig. 16 show that the V,’s predicted by
the passivation structure are reached. Thus, good solar cell
electrical performances are achieved, even if a rather low
current density is obtained due to the use of flat c-Si wafers
(no light trapping).

V. DISCUSSION

We applied a simple dangling bond recombination
model'! to analyze a-Si:H/c-Si interface recombination. This
approach is based on the fact that the silicon dangling bonds
are the electronically active defects at the c-Si surface as well
as in bulk a-Si:H. These defects posses an amphoteric nature;
i.e., they can have three different states of charge. The result-
ing DB recombination rate differs considerably from the
commonly used SRH recombination rate in undoped material
and reduces to a SRH-like recombination rate in the case of
doped layers. By introducing this recombination rate in the
classical description of diffusion and recombination of pho-
togenerated carriers in the interface layer, we are able to
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numerically reproduce the measured injection level depen-
dence of the surface recombination velocity.

Discrepancies between model and measured data are
identified as consequences of oversimplified assumptions
made to keep our model as simple as possible. To model
S.trm(ECD) on the intrinsic c-Si, thermal emission from re-
combination centers within the c-Si band gap into the a-Si:H
has to be included to model the surface recombination in-
crease at decreasing injection levels observed experimen-
tally. One could, therefore, think that introducing this c-Si
thermal emission in our model is the reason why high values
of S, are predicted at low-level injection for c-Si/
microdoped and c-Si/i/doped a-Si:H stacks. However, in
fact, the higher the wafer doping, the smaller the surface
potential and the more the effect on S, of thermal emission
from recombination centers within the c-Si band gap is neg-
ligible over the whole illumination level range. Thus, here,
the introduction of c-Si thermal emission is not the reason
for the strong increase of S, at low illumination levels.
The observed flattening of S, indicative of a lower sur-
face recombination than predicted by our model, can be ex-
plained by the fact that with decreasing illumination, fewer
and fewer DB states act as recombination centers. This effect
is related to the final (dark) position of the Fermi level within
the density of states and the relative splitting of the quasi-
Fermi-levels as function of time during the measurement. In
a-Si:H, the more the Fermi level is distant from midgap, the
greater the chance for one of the quasi-Fermi-levels of traps
to lie still in the DB distribution at low-level illumination.
Finally, the injection level dependent surface recombination
velocity of the heterojunction device samples is not fitted
because of their asymmetric passivation structure. However,
the flattening of their Ssz’m(ECD) curves at low illumination
can be identified to be the consequence of the same effects as
described above. Note that in short-circuit conditions of a
solar cell, An is in the range of 10'2—10'* and, hence, the
flattening is desirable. The sometimes observed bad overlap
of different curve segments constituting the whole
S.trm(ECD) curve of one sample measured by photoconduc-
tance with two different measurement modes, made at differ-
ent illumination levels and penetration depths, is explained
by the different interface volumes analyzed in each mode.

By means of the quantification of the interface parameters
Ng and Qg, the modeling allows us to conclude the follow-
ing:
(1) 5 nm thick a-Si:H layers are not stable against ambi-
ent storage due to their outer surface potential modification.

(2) The density of the interface recombination centers N
decreases with the layer thickness due to the relaxation of the
first grown monolayers to reach a minimal value for a-Si:H
thickness of about 40 nm. For thicker layers (up to 500 nm),
Ny increases again due to the mechanical stress induced at
the a-Si:H/c-Si interface.

(3) n-type microdoping of a-Si:H results, as expected, in a
negative average dangling bond charge without noticeable
variation of Ng. Surprisingly, p-type microdoping does not
modify considerably the average positive DB charge state,
already observed in i a-Si:H passivating layers. It even
lightly increases Ny, a well known detrimental effect of bo-
ron incorporation in the a-Si:H network.
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(4) Stacks of intrinsic plus doped a-Si:H layers show, as
expected, the same effects as observed while varying the
average DB charge state by microdoping.

The passivation performance of a-Si:H is validated by
fabricating high-V¢ heterojunction solar cells by means of
asymmetric stacks grown on higher doped n-type as well as
p-type c-Si. Intrinsic a-Si:H is therefore a high-performance
passivation scheme for all kinds of c-Si materials due to (1)
its low Ng and (2) the almost symmetrical neutral capture
cross sections for electrons and holes. Our interpretation of
the lowest Sz, obtained on n-type wafers passivated with
a-Si:H layers is the following: as holes have a larger capture
cross section than electrons (0'2> 02), the largest free-carrier
lifetime for a given Ny is to be expected when n,> p, (n-type
wafer) and recombination occurs via neutral DBs.

If the effective surface recombination velocity S,z in-
creases linearly with ECD, the surface passivation quality
can be described by a single injection level independent pa-
rameter, the saturation current density J,, that has to be mini-
mized. If there is no linear increase in S, with injection
level, this is no longer possible. Until now, in such cases, no
simple model had permitted to fit measured injection level
dependence of S, simultaneously on passivated intrinsic, r-
and p-type doped c-Si wafers. Usually the extended SRH
formalism is used to model the two standard c-Si surface
passivation schemes SiO, and SiN,. For this, it is necessary
to determine the energy dependence of the capture cross sec-
tions o, ,(E) and of the interface state density D;(E) by deep
level transient spectroscopy.*’ Here, in our interface recom-
bination model, in order to find the effective surface recom-
bination velocity in Egs. (4) and (6), we do not need to know
the shape of the continuous distribution of DB states ob-
tained resulting by other authors from the knowledge of the
product of o, ,(E) X D,(E) over the whole energy range in
the gap.®40

The absolute lowest interface state density is obtained
with thermal SiO, passivation schemes.’ Due to its larger
capture cross section for electrons than for holes, the passi-
vation performance of SiO, is superior on n-type c-Si.*
However, this passivation scheme suffers from long-term sta-
bility problems. Another widespread passivation scheme uses
SiN, passivation, which is dominated by field effect. Its large
inherent positive charge leads to low minimal values of sur-
face recombination velocity when passivating lightly doped
c-Si wafers, but inferior device performance than obtained
with Si0,.*! Nevertheless, the injection level dependence of
S, at the SiN,/c-Si interface is found to be astonishingly
similar to the one at the SiO,/c-Si interface.® On one hand,
Biegelsen et al.® already believed that there are common
physical mechanisms underlying the characteristic attributes
of the two systems a-Si:H and SiO,/c-Si justified by their
electron spin resonance (ESR) measurements. The amphot-
eric nature of bulk SiN, was demonstrated somewhat later
also by ESR measurements.* On the other hand, the three
different types of defects with broad Gaussian-like density
distributions found at the SiN,/c-Si interface® can be made
to coincide with our dangling bond interface recombination
model by considering the appropriate set of recombination
parameters for supplementary existing extrinsic DBs. Finally,
from the similarities and various advantages and disadvan-
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tages of these different passivation schemes, it is becoming
obvious that their use in combined stacks is a promising
avenue for improved stable passivation schemes in the c-Si
wafer industry. Recently, for example, a thin a-Si:H layer
stack with a capping SiN, layer has been shown to give
excellent passivation of front diffused emitters,®® the SiN,
layer acting at the same time as an antireflection coating.

VI. CONCLUSION

We have established a simple model for a-Si:H/c-Si inter-
face recombination based on the amphoteric nature of silicon
dangling bonds. Our model fits well to experimentally mea-
sured injection level dependent lifetimes on various combi-
nations of intrinsic, microdoped, or internally polarized i
a-Si:H layers on a wide range of wafer doping (p, n, and
intrinsic). It is a simple model that allows the fit of such a
large set of combinations of wafers and passivation layers.
The sturdiness of our model fundamentally relies on the
unique properties of DBs to posses three states of charge,
which was not taken into account within a simple model
until now in this field. We are, thus, able to quantify the two
parameters governing passivation, which are, on one hand,
the density of interface recombination centers and, on the
other hand, the passivation layer’s average charge density,
governing (by field effect) the depletion of one carrier type
within the wafer. Therefore, we conclude that the growth of
intrinsic a-Si:H on c-Si leads to a low interface recombina-
tion center density and that field-effect passivation can be
tuned by varying the average state of charge of the inter-
face’s dangling bond recombination centers. a-Si:H passiva-
tion of c-Si is more symmetric, as far as field effect is con-
cerned, than SiO, and SiN,. According to our model, this is
fundamentally related to the more symmetric microscopic
parameters governing the recombination, which for a-Si:H
are basically the neutral capture cross sections and the above
mentioned tunability of field-effect passivation. Therefore,
the passivation of c-Si with a-Si:H has a broader range of
applications. SiO, is a better passivation layer on n-type c-Si
compared to p-type c-Si, and this is due to markedly asym-
metric capture cross sections for electrons and holes. In ad-
dition, SiO, is not stable. SiN, well passivates lightly doped
c-Si wafers and is an excellent antireflection coating, but
device performance of SiN,-passivated c-Si is limited by its
high field-effect passivation. Considering all criteria such as
thermal and long-term stabilities, optical performance, sur-
face topography, and preconditioning, and understanding the
underlying physics help to make the best choice of single or
stacked passivation system for each application.*>* The
polyvalency of a-Si:H passivation is exploited here by fabri-
cating high-V, heterojunction solar cells on n-type as well
as on p-type doped flat c-Si.
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