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Within the framework of a self-consistent approach, a special
attention is paid to the impact of the density and polarity of a
surface charge formed at the insulator-semiconductor interface on
the effective surface recombination velocity Seg. The parameters
of surface recombination centers, as well as the concentrations of
doping impurities and excess charge carriers in the emitter and
base regions of a solar cell (SC), are taken into consideration. It
is shown that the passivation of a rather weakly doped emitter
or a base region by a dielectric film containing a built-in charge
of the same polarity, as the polarity of majority charge carriers
in the substrate, can result in a catastrophically high increase
of surface recombination losses. At the same time, the formation
of the accumulation or inversion layers at the surface essentially
reduces the effective surface recombination velocity Seg at low
injection levels. The slope of Seg(An) curves can be both positive
and negative depending on the density and polarity of a surface
charge. However, in the region of very high injection levels, Seg
ceases to depend on the injection level and the SC design and is
defined only by the parameters of surface recombination centers.

1. Introduction

In the theoretical modeling of photovoltaic energy
conversion processes in  silicon SCs, surface
recombination losses are usually determined via the
surface recombination velocity S (SRV) which is
included into a surface recombination current flow
boundary condition as a functional parameter. If a
space charge region (SCR) exists in the emitter or base
region of SC, then the so-called “true” SRV referred to
the geometric surface of SC differs from the effective
SRV S.g determined on the boundary of SCR and a
silicon quasineutral region. On the recalculation of the
“true” SRV to the effective one, the representations of
diode or diffusion rectifying theories are usually used,
i.e. the approximations of constant or variable quasi-
Fermi levels for mobile charge carriers in the SCR. In
silicon, as shown in many papers, in the calculation of
Seff, the approximation of constant quasi-Fermi levels
can be used in most cases [1, 2].
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It should be noted that, in most papers devoted
to the modeling of nonequilibrium processes in SCs,
Seg is introduced as a parameter of the SC model,
i.e. it is not determined self-consistently. In such
an approximation, many important features of the
surface recombination mechanism are not taken into
consideration, in particular, the dependence of Seg on
a mode of SC operation, base resistivity, illumination
intensity, surface charge density, concentration and
energy distribution of surface recombination centers,
configuration of a metal contact grid, etc. In modern
highly efficient silicon SCs, the base region, as a rule, is
not highly doped, and a minority carrier diffusion length
exceeds the SC thickness [3—7]. Therefore, under natural
(not concentrated) solar illumination conditions, such
SCs work at high injection level conditions, the excess
concentration of electron-hole pairs in the base exceeding
the equilibrium concentration of majority carriers and
being constant within the base thickness. The mentioned
regularities are peculiar not only to commonly used
silicon SCs with the double-sided arrangement of
contacts [3, 4], but also to SCs with interdigitated
contact system [5—7], in which both contacts are located
on the rear (not illuminated) surface, and heavily
doped regions at the illuminated surface are absent.
In last case, the results of experimental investigations
of the recombination processes performed in [8] on
homogeneously doped silicon samples thermally oxidized
in a chlorine ambient are applicable directly. The
authors of [8] have found out that Seg can both increase
or decrease with increase in the excess concentration
of minority carriers, An, the slope of Seg(An) curves
being essentially dependent on the conductivity type
and resistivity of the silicon substrate. In [9] with the
use of the experimental technique [10] based on the
effective lifetime vs sample thickness measurements, it
was established that the shape of Sq(An) curves is
essentially dependent on the insulator layer material and
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its deposition technology, as well as on the injection level
and substrate resistivity. At the same time, the physical
nature of such a behaviour of Seg(An) was not clarified.

In the present work, a self-consistent approach to the
analysis of surface recombination losses in high-efficiency
silicon SCs is proposed. Within the framework of this
approach, the effect of the surface charge, characteristics
of insulator-semiconductor interface recombination
centers, concentration of doping impurities both in the
emitter and base regions, and injection level on Seg is
taken into account.The first and second parts of the work
are devoted, respectively, to the analysis of the surface
recombination processes in interdigitated SCs and in SCs
with double-sided contact metallization.

2. Theoretical Considerations

At first, we will perform a self-consistent consideration
of Seg(An) in interdigitated SCs, in which SCR is
formed at the frontal p-base surface in the process of
deposition of an insulator layer. Let the surface charge
Qo per unit area induce a SCR of the width z = w, at
the SC surface. If the surface recombination is carried
out through one discrete surface recombination center
with the concentration N;, energy position E; with
respect to the middle of the forbidden band, and capture
coefficients Cps = vp0,s for electrons and Cps = vp0ps
for holes, then the effective recombination velocity at the
boundary of SCR and the quasi-neutral region Seg(wp)
can be written down as [1,2]

Set(wp) = CpsCpsNi(pp + np + An)/
/{Cpsl(pp + An) exp(=Y5) + n; exp(—E, /kT)|+
+Cps[(ny + An) exp(Ys) + n; exp(Ey/kT)]}, (1)

where p, and n, are the concentrations of equilibrium
holes and electrons in the base, An is the steady-state
concentration of excess electron-hole pairs at z = wy,
n; is the intrinsic carrier concentration, Yy is the non-
equilibrium surface bending of bands under illumination,
k is the Boltzmann’s constant, and T is the absolute
temperature. Analytically, Y;(An) can be determined
from the integral electroneutrality equation. In the
approximation of a constant Qg under illumination, this
equation can be written down as [2]

Qo .
NeEmE i + [(ny + An)(e¥s — 1)+
+(pp + An) (e — 1) + Ys(p, — np)]7 =0, (2)
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Fig. 1. Seg vs No calculated for Qo > 0 (curves I—4) and for
Qo < 0 (curves 1'—4"). pp = 10'® cm™2, T = 300 K, N; = 10!
cm™2 By =0,Cp = Cp = 1072 em?/s, Ap = 10° (1, 1'), 1010
(2—2), 10* (8—&) and 10'7 cm™3 (4—1")

where eg; is the dielectric constant of silicon, gg is
the permittivity of vacuum, the sign “+” is taken at
Ys < 0, and vice versa. The joint solution of Egs. (1)
and (2) allows us to define the interrelation of Seg, the
surface and bulk electrical parameters of the insulator—
semiconductor system, and the excess concentration of
nonequilibrium minority carriers An which is assumed
to be equal to Ap.

At first, we analyze the regularities caused by the
effect of QQp on the effective SRV. The typical Seg vs
surface charge density Ny = % |Q| relations at different
An plotted for the positive and negative polarity of Qg
are shown in Fig. 1 (g is the electron charge). At Qo > 0,
Seg firstly grows some orders of magnitude with Nj
due to the Schottky layer enhancement, passes through
a maximum at the beginning of the inversion layer
formation, and then sharply decreases with increase in
the surface electron concentration in the channel (curve
1). With increase in the injection level, the position of
the maximum is shifted to smaller Ny values, and its
height decreases (curves 2, 3). At last, at An ~ 107
cm ™ when the concentration of excess charge carriers
exceeds the concentration of majority dark carriers, the
effect of Ny on Seq is essentially weakened (curve 4).

A qualitatively different behaviour of Qo(Np) is
observed at @)y < 0, when an accumulation layer is
formed at the illuminated surface. In this case, Seg
monotonously decreases with Ny, and the concentration
of excess charge carriers does not practically influence
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Fig. 2. Seg vs No at Qo > 0 (1—3) and at Qo < 0 (I'—9).
An = 10% cm ™3, p, = 104 (1, 1), 10'® (2—2') and 1016 cm—3

(8—8&). Other parameters are the same as in Fig. 1

the shape of Seg(Np) in a significant range of An (curves
1'—8). At high injection levels An ~ 107 cm™3, Seq
does not depend at all on the polarity of Qg and is
defined only by its value (curves 4, 4'). The increase of
the doping admixture concentration at Q¢ > 0 results in
a shift of the position of the maximum on the Seg(Np)
curves to larger Ny values and in the increase of Seg
values at the maximum (Fig. 2, curves 1—3). In the
region of high inversion potentials, Seg monotonically
decreases with increase in Ny in the whole range of Yg
and, at high @, coincides with ones calculated for the
accumulating bending of bands (Fig. 2).

The above-discussed significant increase in Seg at the
depleted or poorly inverted SC surface is also seen in the
temperature change of the effective SRV (Fig. 3). Thus,
if SCR is depleted by majority charge carriers in the
range of room or lightly increased temperatures, and if
the injection level is not very high (for example, An =
105 cm™3), then the decrease of a sample temperature
results in the monotonous increase of Seg (Fig. 3, curve
1). On the other hand, at high inversion or accumulation
potentials when the initial Seg values are sufficiently
low (< 10 cm/s), the decrease of temperature results in
the monotonous (curves 1’—3') or non-monotone (curve
3) reduction of Seg within insignificant limits. Only in
the case of a poorly inverted initially surface, a decrease
of the SC temperature results in a sharp non-monotone
change of Seq in large limits (Fig. 3, curve 2). For this
reason, a characteristic minimum on the temperature
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Fig. 3. Temperature dependences of Seg calculated for Qg > 0
(1—38) and for Qp < 0 (1'—&). pp = 1015 cm™3, An = 108 cm—3,
No =3 x 1010 (1,7), 6 x 101° (2—2') and 1 x 10! cm™2 (3—3).

Other parameters are the same as in Fig. 1

dependences of the SC short-circuit current can appear
in some cases.

The polarity and density of the surface charge, as well
as the concentration of doping impurities in the silicon
substrate essentially affect also the shape of the Seq (An)
dependences (Fig. 4). In particular, at p, = 10'¢ cm™3
even at a rather small positive surface charge (No =
6 x 10'° cm~?), a surface SCR depleted by majority
charge carriers is created. As a result, Seg monotonously
decreases with increase in An (curve I) due to an
increase of the mobile carrier concentration in the SCR
and the corresponding increase of the denominator value
in (1). The decrease of the concentration of doping
impurities in the base results in the transformation
of the shape of Seg(An) due to the formation of a
weakly (curve 2) or highly conducting inversion channel
(curve 3).

A qualitatively different type of the Seg(An)
dependences is realized at @y < 0, when the
accumulation layer is formed at the surface. In this
case, Seg becomes weakly dependent on the injection
level at p, = 10'® cm™2 (curve 1), and the Seg(An)
curves approach ones calculated at Qg > 0 for lower
concentrations of doping impurities (Fig. 4, curves 3, &).

The conclusion concerning the strong effect of a
surface charge polarity and density on the effective
SRV in silicon insulator-semiconductor structures is
qualitatively confirmed by experimental data performed
in [8,9]. Thus, in the case of thermally oxidized p-silicon
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samples when a positive built-in charge is formed at the
Si—Si0O4 interface, the increase of the doping impurity
concentration in a substrate was really accompanied
by a transformation of the Seg(An) curves similar to
that shown in Fig. 4 (curves 1—3). On the other hand,
after the thermal oxidation of n-type silicon samples [8]
or after the plasma deposition of a SilV, layer at the
surface of p-Si [7], no Seg(An) curves with negative slope
(like curve I in Fig. 4) were observed at all. The latter
regularities, as follows from the foregoing, are specific of
the samples, in which the field-induced surface depletion
layer is absent.

Now we consider Seg(An) in SCs of the traditional
design. At the beginning, we obtain and study the
expression for that part of the effective SRV in
the emitter which is related to passivated insulator—
semiconductor regions between metal electrodes.
The analysis is performed in assumptions that the
degeneration of majority charge carriers in the emitter is
absent, and the emitter thickness is small in comparison
with the diffusion length.

If the quasi-Fermi levels for electrons and holes are
constant within the interval 0 < z < z,, +w), where z,,
is the width of the n™-emitter and w, is a width of SCR
in a p — n-junction, then the following relation between
the effective SRV at 2 = w,, and at x = z,, + w,, exists:

np+pp+An

So(xy +wp) = Seff(wn)n F— ~

(3)

Here, w, is a SCR width in the n* emitter, p, and
n, are the concentrations of equilibrium holes and
electrons in the base, respectively, n, and p, are the
concentrations of equilibrium electrons and holes in the
emitter, respectively, An is the concentration of excess
electrons at * = x,, + w,, and Ap is the concentration
of excess holes at © = w,. The expression for Seg(w,)
can be obtained from (1) by the replacement of p, by
N, Np DY Pr, and An by Ap. The excess concentrations
of electrons in the base An and holes in the emitter Ap
are connected by the relation

An[p, + An] = Ap[n,, + Ap]. (4)

By taking this into account, the effective SRV at the
passivated part of the SC frontal surface reduced to the
plane x = x,, + w, can be expressed as follows:

So(@n +wp) = [CrsCps Ne(pp +nyp + An)]/
/{Cps[(pn + Ap) exp(—Ys) + n; exp(—E¢/kT)|+
+Chs[(nn + Ap) exp(Ys) + n; exp(E; /ET)]}. (5)

~ eH(wn)i
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Fig. 4. Seg vs Ap at Qo > 0 (1-3) and at Qo < 0 (I'—9).
No = 6 x 1019 ¢cm™2, p, = 1016 (1, 7’), 10'® (2—2') and 10
cm™3 (8—1"). Other parameters are the same as in Fig. 1

With regard for (4), the interrelation between An
and Ap is defined by solving a quadratic equation and
looks as

Ny, n2
Ap = —74— I—&—An(pp—i—An). (6)

The joint solution of Egs. (5), (6), and (2) has allowed
us to plot So(w,) vs An for various SC parameters (Fig.
5). The calculations were made at several concentrations
of majority carriers in the emitter n,, and in the base p,
for positive and negative polarities of a surface charge
Qo- As seen in Fig. 5,a, the Sy values are small enough
at low injection levels due to the small p,/n, ratio,
the shape of the Sp(An) curves being dependent both
on the density and polarity of a surface charge, on the
one hand, and on the concentration of doping impurities
in the emitter n,, on the other. In particular, at the
initial inversion bending of bands, the Sy(An) curve has
a negative slope, and absolute Sy values are rather high
(Fig. 5,b, curve I). At the initial exhaustion (curves 2,
3) or enrichment (curves 1'—38') of the surface SCR by
majority carriers, Sy increases at first with An some
orders of magnitude and then tends to saturation. It
is essential to emphasize that the Sy values in the
saturation region depend only on parameters of the
surface recombination center (Np, Ey, Cys, and Cpy)
and do not depend on other parameters of SC.

The analysis of expressions (5) and (6) shows that Sy
increases with An linearly if the excess concentration of
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Fig. 5. Effective surface recombination Velocity So reduced to the boundary of SCR and quasi-neutral base region vs An at Qo < 0

(1—8) and Qo > 0 (1’—38'). No = 8 x 10'° cm

(b). Other parameters are the same as in Fig. 1

mobile charge carriers in the base exceeds the
equilibrium concentration of majority carriers p,
and tends to the saturation when the concentration
of nonequilibrium holes in the emitter becomes
commensurable or begins to exceed n,,. As a result, the
maximum ratio of the Sy values at high and low injection
levels do not exceed n,,/pp.

Plotted in Fig. 5, the effective SRV Sy represents the
surface recombination occurring within non-metallized
regions of the SC frontal surface. In a more general
case, the Sy values should be derived by use of the
expression, in which the degeneration of charge carriers,
bulk recombination in the n™-emitter, and top contact
grid are taken into account [11]:

So = Sg(1+ Ao) (7)
0 —, DPr AE("+) Zn ch In
0 — pN pm p

wsh<zz>>m/<spmsh<zz>w< )
+<Seﬁ ch (Lp> + v, sh (‘Zp)) x
(s () ()

602

n, = 1016 (1, 1), 1017 (2—2') and 108 cm

=3 (89, pp = 10'* (a) u 106 cm—3

Here, Ay = An(z, + wp)/pp,vp = Dp/L, is the
diffusion velocity, D,, is the hole diffusion coefficient in
the nt-region, N, is the effective density of states in
the conduction band of silicon, AE_E,”H is a narrowing
of the silicon forbidden band in the n*-region due to
the impurity doping (in kT units), m is the ratio of
metallized to non-metallized regions of the frontal SC
surface, Spm = Vpr/4, Vpr is the thermal velocity
of holes, Sq¢ is the effective SRV at the insulator—
semiconductor interface reduced to the plane z = w,,
and Z, is determined from the equation

Ny :NCF1/2(Zn); (9)

where F /5(Z,) is the Fermi—Dirac integral of the order
of 1/2.

The account of recombination processes at the rear
SC surface can be made similarly to that considered
above for Sp. In particular, if the rear surface is
completely metallized, the following equations for the
effective SRV reduced to the plane z = z,, + z, —wq are
valid [11]:

Sq~ 891+ Ay), (10)

SY = yn]‘?if—p exp(AEg(]pﬂ — Z,) %

Spmch(wa/Ly) + VnSh(wd/Ln)
Spmsh(wg/Ly) + vpch(wg/Ly)

(11)
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Here, wy is the width of the rear pT-p-junction, Ay =
Ang/pp, Ang is the excess electron concentration at
T = Tp + Tp — W, Snm = Vpr/4 is the “true” SRV at
the metal-semiconductor interface, v, = D;" /L is the
diffusion velocity, D, is the diffusion coefficient, L, is
the diffusion length of electrons in the pT-region, N, is
the effective density of states in the silicon valence band,

AEép ") is a doping-induced narrowing of the forbidden
band in the p*-region (in k7 units), and Z, is determined
from the equation

pp = NvFl/Q(Zp). (12)

As is known, at relatively high diffusion length values
L, > d, the following expression can be used for the
determination of the effective lifetime 7.g in the silicon
SC:
1 So+Sa,_ 1 S"(Ao),_
rr = (- + 2045ty (L Sy

Ty Ty

(13)

Here, d = =, + x, is the SC thickness, S* is the sum
of effective recombination velocities at the frontal, rear
and side surfaces of SC reduced to the quasi-neutral base
region, and 7, is the bulk lifetime. As follows from (13),
the surface recombination processes should affect 7og if
the inequality S*(Ag)7,/d > 1 is valid.

As follows from the analysis performed, at low
impurity concentrations in the emitter (Fig. 5, curve
1) or in the case of thermally oxidized p-base surface
of the interdigitated SC [7], the surface recombination
processes can essentially decrease T.g in a wide range of
An, especially at the low An values. At the same time in
commonly used silicon SCs with a high enough emitter
doping concentration (n, > 10'® cm™3), the effect of
the density and polarity of surface charge on the surface
recombination processes is weakened due to a decrease
of S5 at low Ag. Nevertheless, as S*(Ag) is changed
linearly with Ay,

the surface recombination losses at high Ay can be
significant. For example, if the effect of the surface
recombination on T.g at S§ = 1 cm/s and Ay = 1
becomes appreciable only at 7, = 1072 s, then, at S = 1
em/s and Ay = 102, this effect becomes noticeable
already at 7, = 107% s.

3. Conclusions

A self-consistent approach to the analysis of surface
recombination losses at various photo-excitation levels
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in high-efficiency silicon solar cells with interdigitated
or commonly used contact metallization design is
proposed. Within the framework of this approach,
a special attention is pald to the effect of the
density and polarity of the surface charge formed at
the insulator-semiconductor interface on the effective
surface recombination velocity Seg. The parameters
of surface recombination centers, as well as the
concentrations of doping impurities and excess charge
carriers in the emitter and base regions were also taken
into consideration. It is shown that the passivation of
a rather weakly doped emitter or a base region by a
dielectric film containing a built-in charge of the same
polarity as the polarity of majority charge carriers in the
substrate can result in a catastrophically high increase
of surface recombination losses due to the formation
of the surface space charge region depleted by mobile
charge carriers. At the same time, the formation of
the accumulation or inversion layers at the surface
essentially reduces the effective surface recombination
velocity Seg at low injection levels. The slope of the
Sef(An) curves can be both positive and negative
depending on the density and polarity of a surface
charge. However, S.g ceases to depend on the injection
level and the SC design in the region of very high
injection levels and is defined only by the parameters
of surface recombination centers.
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BILJIUB KOHIIEHTPAIIIT HAJIJTUIIIKOBUX
HOCIIB SAPAIY HA EOEKTUBHY
HMIBUJIKICTHh [TOBEPXHEBOI PEKOMBIHAIIIT

B KPEMHIEBUX ®OTOUYYTJIMBUX CTPYKTYPAX

A.Il. Topbarno, B.II. Kocmuavos, A.B. Cauenko,
0.A. Cepba, 1.0. Coxonroscoruti

Peszmowme

B pamkax caMOy3rom»KeHOro miaxoy IpOaHaII30BaHO 3aKOHOMIp-
HOCTI BIUIMBY Ha IIOBEPXHEBI peKOMOiHaIiiiHI BTpaTH BEJUYMHU i
3HAKa IIOBEPXHEBOI'O 3apsi/ly, HapaMeTpiB PEKOMOIHAIIHHUX IEeH-
TPiB MeXKi HOMITY JAiesIeKTPUK—HAIliBIPOBIIHUK, KOHIIEHTPAIIil J1e-
ryIO4uX JOMIIIOK B eMiTepi i B 6a30Biit 061aCTi COHAYHOIO €JIEMEH-
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ta (CE), a Takox piBus in’ekuil B 6a3i i B emitepi. [lokazano, mo
acUBallisl IOBEPXHI Ji€JIEKTPUYHUM IIIAPOM, III0 MIiCTUTH BOY10Ba~
HUII 3aps/1 TOrO »K 3HaKa, 10 ¥ OCHOBHI HOCII 3aps/ly B IPHUJIEIJIOMY
HAaITiBIIPOBIJHUKOBOMY IIapi, MOXKe IIPUBECTH /10 KATACTPOMIIHOrO
30L/IbIIIEHHST TTIOBEPXHEBUX PEKOMOIHAIIHHUX BTpaT. B TOil ke 1ac
B pa3i yTBOPEHHsI NPUIIOBEPXHEBUX IIapiB 36aradeHHsl 94U iHBEp-
cil moBepxHEBI peKOMOIHAIIWHI BTPATH MIPU MAaJIMX PIBHAX 1H EKINT
iCTOTHO 3HMKYIOThCs. B 3aj1€2KHOCTI Bij| BeJIMYUHY 1 3HAKA ITOBEPX-
HEBOTO 3apsi/ly XapaKTep 3aJIeKHOCTI e(peKTUBHOI HIBUIKOCTI I10-
BEPXHEBOI peKOMOiHaIil Biji piBHS iH'€KIlil HEPIBHOBaXKHUX HOCIIB
3apsiy MoKe OyTH sIK CIIaJIHUM, TakK 1 3pocraroumM. B obsacti
MaKCHMaJIbHO BEJIMKUX PiBHIB iH’eKIil edeKTUBHA MBUIAKICTDH I10-
BEPXHEBOI peKOMOiHAIll mepecTae 3ajiexkaTu Bij piBHsA iH'€KIl 1
koucrpykTusnoro sukonanua CE i BusnauaeTbcsa BUHATKOBO Ia-
paMeTpaMy [MOBEPXHEBUX PEKOMOIHAIIMHUX IIEHTPIB.
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