A R CHTIVES O F

M ETAULTULURGY A N D

M ATEIRTIATLS

Volume 54

K. NALEPKA®, P. NALEPKA™

2009 Issue 1

ANALYSIS OF QUANTUM EFFICIENCY OF THIN FILM SOLAR CELL BASED ON FORMULATED ADDITIVE MODEL

ANALIZA KWANTOWEJ SPRAWNOSCI FOTO-OGNIW CIENKOWARSTWOWYCH OPARTA NA SFORMULOWANYM
ADDYTYWNYM MODELU

The aim of the paper is to formulate an additive model enabling more effective optimization of silicon solar cells. According
to the model, a flux of carriers flowing through the one dimensional, simple p-n junction is divided into components connected
with processes occurring in the cell i.e. generation, front surface recombination, back surface recombination, respectively. Each
of the component fluxes is defined by an appropriate quantum efficiency subsequently subjected an analysis. The introduced
component quantum efficiencies become new optimization criteria. The separate consideration of the processes makes easier
to formulate design criteria for solar cells. The obtained results open the possibility to study solar cells, in which the light

trapping methods are applied, e.g. texturization.

Celem pracy jest sformutowanie addytywnego modelu umozliwiajacego efektywniejsza optymalizacj¢ foto - ogniw krze-
mowych. Zgodnie z modelem strumien no$nikéw przeptywajacy przez jednowymiarowe, proste zlacze p-n podzielono na
sktadniki zwigzane z procesami zachodzacymi w foto - ogniwie, czyli odpowiednio z: generacja, rekombinacjg na powierzchni
przedniej, rekombinacja na powierzchni tylnej. Kazdy strumien skfadowy zostal zdefiniowany przez odpowiednia kwantowa
sprawno$¢ poddang nastepnie analizie. Wprowadzone skfadowe kwantowe sprawnosci staja si¢ nowymi kryteriami optymaliza-
cyjnymi, ktérych suma stanowi kwantowg sprawnos$¢ foto — ogniwa. Odrebne rozpatrywanie kazdego z proceséw w znacznym
stopniu upraszcza formutowanie kryteriéw projektowych. Otrzymane wyniki otwierajag mozliwo$¢ studiowania foto - ogniw, w
ktérych zastosowano metody putapkowania $wiatta np. teksturyzacje.

1. Introduction

Quantum efficiency (QE) reflects the cell design and
the material quality [1], [2]. Analysing QE when device
parameters undergo changes we can increase solar cell
efficiency. With regard to a large number of the param-
eters the study requires to apply a computer program
for example PC-1D [3] or/ and complex analytical mod-
els. In the paper, quantum efficiency was presented in
a form of sum of components connected with processes
proceeding in the solar cell, that is generation and re-
combinations. Then the role of the particular processes
in the device performance results from comparison of
quantum efficiencies assigned to them but not from the
magnitude of parameters crucial for them [4]. Thus, as it
was shown in the paper, the participation of back surface
recombination can be reduced not only by decrease in
effective surface recombination rate, but also by choice
of an appropriate generation profile. The introduced divi-

sion of solar cell quantum efficiency allows considering
each of the processes separately. Thus, we can limit a
number of parameters analysed together. At the same
time, with regard to less complex physical situation, de-
termination of optimal relations between them becomes
easier.

An additive model formulated in the paper was
based on R.J. Schwartz and J.L. Gray conception [5].
They illustrated operation of the solar cell by a funnel
that had holes of different shapes and size in it. Let’s
consider a stationary flow of liquid when the funnel is
filled up to a fixed level. A stream, poured into the top
of the funnel, flows out not only through the bottom, but
also through the side holes. The first outflow represents
a carrier flux delivered by the solar cell (Js¢), whereas
the side leakages correspond to the recombination of
minority carriers (Jye).

Described analogy was an inspiration to build a
model, in which the flux Jgc was resolved into three
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contributions connected with processes of generation or
recombination, respectively. The model enables to ob-
serve the solar cell operation in various, exterior con-
ditions. Thanks to this we can formulate design criteria
for achieving high efficiency solar cells.

2. Model

The basic element of the model is p-n junction
bounded by external planes. It was formed by accep-
tor and donor, uniform doping. Concentrations of the
impurities amounted to Np and Ny, respectively. The
doping caused arising of dopant ions and majority car-
riers, which distributions were shown in Fig.1.
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Fig. 1. Distributions of density of the dopant ions and the majority
carriers in the simple p-n junction, which is in the equilibrium state

As a result, we obtained the quasi-neutral regions (the
base and the emitter) and the space — charge region (the
depletion region) contained between coordinates: -xy,
xp [6] Apart from the majority carriers, there are also
present the minority carriers. In the base wafer we have
electrons characterized by the diffusion coefficient D,
and in the emitter wafer — holes of the diffusion coef-
ficient D,. When the p-n junction is in the equilibrium
state, the minority carriers concentration is constant in
the particular wafers and amounts to n?/NA in the case
of electrons, n?/ND in the case of holes, where n; is the
intrinsic carriers concentration [6]. Data applied in the
calculations are presented in Tab.1.

TABLE
Metallic radii of rare earth metals and magnesium [12]

Parameter | Value

Na 110" cm™
Np 1-10" cm™
XN 9.4 -107° um
Xp 9407 - 10°5 um
D, 2 cm?/s

D, 40 cm?/s

The model describes operation of the formed p-n

junction when the processes of: generation, recombina-
tion at the front surface and recombination at the rear
surface are introduced in sequence. In particular, the
model was used to analyse changes in the thin film solar
cell efficiency induced by widening of the layers of n
and p type (Fig.1).

3. Generation

The formed p-n junction was unbalanced by
monochromatic exposure of the front surface. As a re-
sult, in the solar cell, there appeared carriers forming a
generation flux (Fig.2).

monochromatic light

Fig. 2. Scheme showing arising of the generation flux in the solar
cell

If density of the generation flux — J8"(E) will be
referred to density of the photon flux falling on the front
surface — b;(E), we obtain a generation quantum efficien-
cy QE$"(E). Let’s assume, that rate of the generation is
expressed by the following formula:

G(x, E) = by(E)a(E)e B Wy +2) 0

where a(E) is the absorption coefficient for photons of

energy E.
W,

P
Then J8'(E) = f G(x, E)dx, and the generation quan-
—Wy
tum efficiency takes the form:

2

QE$(E) determines the probability, with which an in-
cident photon of energy E will deliver one electron to
the external circuit at the absence of any recombination
processes. The magnitude of the generation quantum ef-
ficiency depends on thickness of n and p type layers.

QEgen(E) — 1 _ e—a(E)~(WN+Wp)



Let’s take into consideration a thin film solar cell, in
which Wy = 0.25um and Wp = 50um. With regard to
small thickness of the n-type layer, its widening, even
several times, induces negligible increase in QE#". Dif-
ferent result is obtained in case of widening of the p-type
layer. Let’s assume, that Wp takes the value typical for
currently manufactured solar cells i.e. 300 um. Then, in
the range of infrared, the generation quantum efficiency
increases significantly, but when radiation energy rises,
the generation process intensifies and moves towards the
front surface, what causes smaller and smaller increase
in QE#". Consequently for @=1000 !/.,, QE#" amounts
to 0.2%, merely (Fig.3). Accordingly, we can say, that, in
the range of visible radiation, increase in the generation
quantum efficiency induced by widening of the p-type
layer from 50um to 300um is relatively small.
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Fig. 3. Generation quantum efficiency QF*"" in dependence on the
absorption coefficient a for the p-type layer of the various thickness

Density of the generation flux J¥"(E) is constant
through the device. However, in dependence on con-
sidered point X, there is different participation of hole
and electron carriers in the flux. These first moving in
the direction of the x-axis form a hole generation flux
of the density: J5"(E,x) = f_x w, G(E, xn)dxr, where-
as these second displacing opposite to the x-axis form
an electron generation flux of the density: J5"(E,x) =
f;V‘P G(E, xr)dxr (fig.4).
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Fig. 4. Scheme showing arising of the hole and electron generation
fluxes (J&", J&"), which are components of the generation flux (J&")

The distinguished fluxes can be characterized by appro-
priate quantum efficiencies:

QE}"(E,x) = 1 — "B W0 QEI(E, x) =

e~ Y EYWy+W,) _ p=a(E)(Wy+x) 3)
where: QE3" (x, E) — QE;" (x, E) = QE$"(E)
Absolute values of the quantum efficiencies |

QEY"(x,E) |, | QE;"(x,E) | are probabilities with
which an incident photon of energy E introduces, in the
point x, one carrier belonging to the hole or electron
generation flux, respectively. The sign of the quantum ef-
ficiency determines the direction of the carriers’ motion.
The distinguished hole and electron generation fluxes
are related with the excess concentrations of minority
carriers by the appropriate diffusion laws:

on dApi,en(x) on dAn‘;en(x)
" (x) = _DpTa T (x) = —Dnmb)
a

Of course, there should be fulfilled a continuity equation,
which in the of case hole carriers takes the following
form:

dJE" (x)
Td ®

Additionally, if the flow of hole carriers is induced only
by the generation process, then at the front surface of
the solar cell J5"'(-Wy) = 0. Besides we assume that
the externally applied voltage V,,,=0. Then, the concen-
trations of the minority carriers at the surfaces bound-
ing the depletion region take the equilibrium values, so
ApS"(=xy) = 0, Any"(=xy) = 0. To sum up, there were
determined the conditions, which allow to evaluate the
generation excess hole concentration occurring at the
front surface Ap5"(~Wy) . For rate of the generation
expressed by the formula (1) we get:

=G(x)

—WN X
AP -Wy) = -5 [ V{G(xr)dx/dx= ©)

bs ¢ —a(Wy—
B le M=) 4 a(Wy — xw) = 1]
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Analogically, we can evaluate the generation excess elec-
tron concentration occurring at the rear surface:

Wp X
Anf)en(WP) — _DLH f f G(x/)dX/dx — %[e—d(xpﬂwv)_
—Xp —Wp

(1 + a(Wp — xp))e@Wr+Wu)

(N
The introduced quantities: Ap{"(-Wy) and
An$"(Wp) are essential for the recombination process
considered later. Let’s analyse how their magnitude
changes when the front surface is exposed to monochro-
matic radiation of various wavelengths. At first, in the
range of infrared, the increase in the radiation energy
induces increase in the excess hole concentration at the
front surface as well as the excess electron concentra-
tion at the rear surface. However, the further increase
in the absorption coefficient causes cumulation of more
and more quickly proceeding generation near the front
surface. Accordingly, Apy"(~Wy) still increases, while
An%™(Wp) gradually decreases along with decaying of
the generation process in the base region. The magni-
tude of the excess minority carriers concentration at the
external surfaces depends on the thickness of the emitter

and the base region (Fig.5,6).
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Fig. 5. Excess hole concentration at the front surface induced by

the photon flux of unitary density Ap*”"(—Wy)/b, as a function of

the absorption coefficient at the thicknesses of the n and p layer
amounting to Wy and Wp=50um respectively

0.025

0.02-

[s/m]

0,015+

o
o
=

gen
AnS (W, )b

0.005-

10 10 10’ 10 10 10
absorption coefficient o [1/cm]

Fig. 6. Excess electron concentration at the rear surface induced by
the photon flux of unitary density An*”"(Wp)/b, as a function of the
absorption coefficient at the thicknesses of the n and p layer amount-
ing to Wy=0.25um and Wp respectively

Widening of the n type layer causes appearance of two
additional hole fluxes in the increment region: AWy =
W}, —Why. The first of them is constant since the carriers
arising in the original emitter form it. The second one,
by contrast, is generated in the increment region. The
presence of these additional fluxes causes the increase
in the excess hole concentration of a constant value in
the whole original emitter region. The magnitude of the
increment can be evaluated by usage of the diffusion
law (4a). Thus widening of the emitter region induces
increase in the excess hole concentration at the front
surface (Fig.5) expressed as follows:

-1 (xy+AWy) fx
DP XN —WN

Apy" (Wi, E) = Apy" (W, E) =

G(x1, E)dxrdx

®)
The analogical analyse can be carried out in the case of
widening of the p type layer. This time, however, occurs
the increase in the excess electron concentration at the
rear surface. The reason is an additional electron flux,
which appears in the whole base region. The carriers
generated in the base increment: AWp = W, — Wp and
then moving towards the depletion region form the flux.
Their concentration at the rear surface is the increment
of An%™ (Wp) resulting from widening of the p type layer.
Thus, according to the diffusion law, we get:

Wp+AWp fx
Wp Wp+AWp

An$" (W, E) — Ans"(Wp, E) = 5 [
G, Eydxrdx + (Wp - xp) [, G(x, E)x

Dy

€))



Of course the increment of the excess electron concen-
tration at the rear surface induced by the base widening
depends on the radiation energy. If the absorption coef-
ficient is sufficiently large then the generation rate in the
base increment becomes evanescent. Thus, considering
lack of the additional flux, the excess electron concentra-
tion at the rear surface doesn’t change despite the base
widening. If we take the earlier analysed solar cell then
such a case will occur already in the range of visible
radiation when @ > 1000'/,. (fig.6)

4. Recombination

The presence of the unsaturated bonds at the exter-
nal surfaces induces recombination in these regions. The
rate of the recombination is proportional to the excess
concentration of the minority carriers at the external sur-
faces: Apy(—Wy) and Anp(Wp), respectively [6], [7]. As
a result, two surface recombination fluxes arise: hole and
electron. The first of them is directed opposite and the
second according to the x — axis (Fig.7). Their densities
JRSE - JRSE equal to the surface recombination rates.

P ’ n
Thus we get:

TRSE = Sk o Apn(=Wy), RS = SpspAnp(Wp)
(10a 10b)
where Sr.sr, Spsr are the effective recombination rates

at the front and back surface, respectively.

monochromatic light

X
Fig. 7. Scheme showing decomposition of the total flux of the carriers
moving through the solar cell into three constituents: J&”, J,’f‘sf LIRS
They are related to the processes of: generation, hole recombination

at the front surface, electron recombination at the rear surface

Using the continuity equation (5), the diffusion law (4a)
for the total hole flux Jp(x) and simultaneously allowing
for the conditions in the form: (10a), Apy(—xy) = 0 we
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can determine the distribution of the excess hole con-
centration in the n-type layer: Apy(x). The linearity of
the differential operator enables to write Apy(x) in the
form of two summands:

Apn(x) = Ap$" (x) + ApRT (x) (11)

The first of them is related to the occurring generation
and the second to the surface recombination. Usage of
the introduced decomposition enables us to write the
density of the hole flux of the surface recombination in
the form:

=SresrDp
Dp + Sgepr(Wn — xn)

TSNE) = Apy"(E,~=Wy) (12)

So J, RSF s proportional to the generation excess hole
concentratlon at the front surface: ApY"(E,—Wy) given
by the expression (6). The similar relation was obtained
for the electron flux of the surface recombination:

SesrDy,

JRSF () =
(B D, + Spsr(Wp — xp)

Ang"(E, Wp)

13)

where Anf"(E, Wp) is given by the formula (7).

The expressions (12), (13) show that the dependence

of the densities of the recombination fluxes: JR SF(E),
JRSE(E) on the radiation energy represented by the

changmg absorption coefficient o is as in the case of

the generation excess concentrations: Apy," (E, —Wy) and

An"(E, Wp), respectively (Fig.5,6).

If we refer JR 5F and J®ST to the density of the
photon flux: by then we will get the quantum efficien-
cies for the carriers belonging to the hole and electron
flux of the surface recombination: QERS* and QERST.
Similarly as in the case of the generation, the absolute
values: | QERSF Jand | QERST | can be interpreted as the
probabilities. This time however, they concern arising of
the carriers belonging to the recombination fluxes. The
signs of the quantum efficiencies: J,,’ RSE and JRSF result
from the movement direction. So in the case of the hole
we get the negative value and in the case of the elec-
tron the positive value. The magnitudes of the quantum
efficiencies: Jﬁ’SF and J®5F depend on the thickness of
the n and p — type layers, respectively. Widening of the
emitter layer induces increase in both generation part
and the recombination one of the excess hole concentra-
tion at the front surface. The increment of the positive
ApY"(E,—Wy) is greater then increment of the negative
ApNSF (E,—Wy), independently from the radiation ener-
gy and the effective recombination rate S, what can be
proved mathematically. The reason is the high rate, with
which the generation process occurs in the emitter layer.
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To sum up, widening of the n-type layer induces increase
of the quantum efficiency for the carriers belonging to
the hole recombination flux, that is disadvantageous ef-
fect. The similar analysis can be carried out in the case
of the p — type layer. This time, however, widening can
bring about the advantageous effect in the form of de-
crease in the quantum efficiency: | QERSF | Let's take
into consideration the monochromatic radiation of the
energy sufficiently large to induce the cumulation of the
generation process near the front surface. In that case,
widening of the base layer causes negligibly small in-
crease in the generation excess electron concentration at
the rear surface, as it was shown in the chapter 3. Howev-
er, there occurs increase in | Anﬁ'SF (Wp) |, so we obtain
decrease in the quantum efficiency: | QERST |. Such a
case we can observe in the range of visible radiation,
when @ > 1000'/., (Fig.8a, 8b). When the radiation
energy begins to decrease then widening of the base
layer will induce not only increase in the recombination
part, but also the generation one of the excess electron
concentration at the rear surface. If the increment of
An§"(Wp, E) exceeds the increment | AnRSF(Wp, E) |,
the quantum efficiency | QERST | will increase. In the
case of the earlier considered solar cell, this situation
arises when @ < 198'/.,, and Szsr = 10*™/s (fig. 8a,
8b).
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Fig. 8. a) Increments of the absolute values of two components of the
excess electron concentration at the rear surface as functions of the
absorption coefficient a. The increments were referred to the density
of the photon flux b, to eliminate its influence. The first compo-
nent Any"(Wp,a) is connected with the generation process and the
second one AnfSF(Wp, @) with back surface recombination process.
The widening of the base layer from Wp = 50um to W;, = 300um
causes the increments of the particular constituents. The calcula-
tions were carried out for Sggr = 10°™/s. b) The quantum efficiency
for the carriers belonging to the electron flux of the surface re-
combination QERSF as a function of the absorption coefficient a.
The dependence was considered for two thicknesses of the p-layer:
Wp = 50um, W, = 300um and Spsr = 10*m/s. The relation be-

tween QERSF (Wp, @) and QERSF(W?,, @) results from the course of
the curves showed in Fig. 8a

The generation and the surface recombination,
which are crucial for designing of effective thin solar
cells [8] were considered. Beside these processes, there
occurs also the bulk recombination. Allowance for it in-
duces the change in the excess concentration of the mi-
nority carriers at the external surfaces and consequently
the change in the surface recombination fluxes. The rate
of the recombination of the holes in the n — type layer is
negligibly small because the diffusion length L, exceeds
the thickness Wy several times. As a result, we can as-
sume that QE®SF remains unchanged. In the case of the
thin devices, the decrement of QERST is also small. It
was showed in Fig.9.
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Fig. 9. Difference of two quantum efficiencies for carriers belonging
to the electron flux of surface recombination as a function of the ab-
sorption coeflicient and effective back surface recombination velocity
Spsr- In the case of the first of them QERSF | electron bulk recom-
bination is disregarded. On the contrary, the second one QERSIVel
allows for it. The electron diffusion length L, = 140um was assumed

Description of the processes occurring in thin solar cells
is the main task of the carried out analysis. Therefore the
bulk recombination was disregarded. This assumption
was kept during the analysis of changes in the quantum
efficiencies induced by widening of the emitter and base
layers.

5. Conclusions

According to the created model, the total flux of
the carriers moving through the solar cell was resolved
into three components related to the occurring processes.
Thus, the solar cell quantum efficiency can be written in
an analogical form:

QE(E) = QE*"(E) + QENY (E) - QEX/(E).  (14)



The particular components are related to the process-
es of: generation, hole recombination at the front sur-
face and electron recombination at the back surface, re-
spectively. The negative sign was ascribed to the third
summand because the solar cell quantum efficiency QF,
was defined in the base of the hole flux. The presence
of the two last addends, taking negative values, lowers
QEF, what is very well illustrated by the funnel analogy
described earlier.

Similarly to the solar cell quantum efficiency, its
change induced by widening of the emitter or base lay-
er can be written in the additive form. If we increase
Wy, then the change in the generation quantum efficien-
cy and the quantum efficiency for carriers belonging to
the electron flux of surface recombination can be dis-
regarded, what was explained earlier. On the contrary,
we get the increment of the quantum efficiency for car-
riers belonging to the hole flux of surface recombina-
tion AQEﬁ'Sf (E). In the rage of high-energy radiation

AQEﬁ'Sf (E) can take substantial values. Thus, widening
of the emitter layer leads to reduction of the quantum
efficiency (QF). In the case of the considered solar cell
the decrement of QF can achieve 15%, what is illustrated
in Fig.10.
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Fig. 10. Increment of quantum efficiency for carriers belonging to

hole flux of surface recombination | AQEﬁ'Sf | as a function of

the absorption coefficient and effective front surface velocity Sg.ys.
The increment is induced by the widening of the n-type layer
from Wy = 0.25um to W}, = 0.5um at the p-type layer thickness
Wp = 50pum

Widening of the base layer causes the change in two
summands: the generation quantum efficiency and the
quantum efficiency for carriers belonging to the electron
flux of surface recombination. If effective back surface
recombination velocity is low then the second compo-
nent will remain unaltered. Thus AQE*“"(E) will deter-
mine the change in the solar cell quantum efficiency.
In the case of the considered solar cell, this situation
arises for Sgsr < 10? cm/s (Fig.11). Accordingly, Fig.12
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for Sgsr < 10> cm/s shows the dependence of the in-
crement of the generation quantum efficiency on radi-
ation energy. When recombination velocity Sggr takes
values typical for solar cells, widening of the base lay-
er induces, beside AQE#“"(E), the change in the quan-
tum efficiency for carriers belonging to the electron flux
AQES'Sf (E). Dependence of AQEf’Sf (E) for various val-
ues of the effective back surface recombination velocity
was presented in Fig.11. In the low energy, infrared ra-
diation, generation process occurs very intensively near
the rear surface. Therefore, according to the previous
considerations, widening of the base layer leads to the
increment of QEf‘Sf . Fig 11 shows that AQEf‘Sf can
exceed 20%. In the range of visible radiation we get
decrement of QE,]f'Sf , independently from the magnitude
of the effective recombination velocity Sgsr. According
to the Fig.11 AQEf‘Sf can achieve -20%. Overall, the
base widening induces increase in the solar cell quan-
tum efficiency. In the infrared, the reason is increment
of the generation quantum efficiency, to some degrees,
reduced by increment of QEf‘Sf . On the contrary, in the
range of visible radiation increase in QF results mainly
from decrement of the recombination quantum efficiency
QE,]S'Sf . The higher the effective recombination velocity
Spsr the larger | AQEX® | (Fig.11). If in the led con-
siderations we allowed for the bulk recombination, then
described increase in the solar cell quantum efficiency
would be kept, but at the same time there would ap-
pear an additional decrease. The reason of the obtained
decrement would be increase in the bulk recombination
velocity AR(x) induced by widening of the base layer.

o
L
/@W%/é
i
XX

0

Sor 10 O 2 10
[cm/s] 10 T T 5 10 10
10° 10 o [1/em]

Fig. 11. Change in the quantum efficiency for carriers belonging
to electron flux of surface recombination AQE,'f‘Sf as a function
of the absorption coefficient and effective back surface velocity
Spsr. The increment is induced by the widening of the p-type layer
from Wp = 50um to W, = 300um at the n-type layer thickness
Wy =0.25um
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Fig. 12. Increment of the quantum efficiency AQE as a function of
the absorption coefficient a and the effective back surface velocity
Spsr. The increment is induced by the widening of the p-type layer
from Wp = 50um to W, = 300um at the n-type layer thickness
Wy = 0.25um

The presented additive model shows participation
of the particular components in increase in the solar cell
quantum efficiency. Increment of the generation quantum
efficiency and decrement of the recombination one can
be obtained without the change in the base thickness.
In this aim, light trapping methods are applied. Then,
through the change in the generation profile, the increase
in QE%" is obtained [9], [10], [11]. The formula (13)
derived in chapter 4 shows that the second component:
QEf‘Sf can be decreased not only by reducing Sgsr, but
also by lowering of the generation excess concentration
of electrons at the back surface: Anj"'(Wp). Thus, appro-
priately formed the generation profile enables additional
enhancement of solar cell quantum efficiency.
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