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Interface-Dependent Efficiency Tradeoff in
Si-Based Carrier-Selective Solar Cells

Nithin Chatter;ji

Abstract— Carrier-selective (CS) silicon solar cells are of
recent research interest, and a variety of different materials
have been investigated in this regard. However, the effi-
ciency tradeoff with CS material/interface properties is not
yet fully explored. In this context, through detailed ana-
lytical and numerical modeling, here we provide several
interesting insights on the same. First, we show that perfect
band alignment is a desirable feature only if the interface is
devoid of any trap states. Otherwise, a band offset of around
0.2-0.4 eV provides sufficient band bending to reduce the
effect of interface recombination, thus improving the per-
formance. Surprisingly, the interface passivation quality for
the minority carrier extraction layer is found to be far less
demanding than that for the majority carrier extraction layer.
In addition, doping density and dielectric constant of CS
layers have a similar effect as band offset on solar cell
performance. Our results have obvious implications toward
the selection of appropriate materials as CS layers, and
hence, are of broad interest to the community.

Index Terms— Efficiency tradeoffs, photovoltaic cells,
semiconductor device modeling.

I. INTRODUCTION

ILICON-BASED heterojunction devices with carrier-
Sselective (CS) contacts are increasingly explored as a
cost effective alternative for the conventional diffused p-n
junction-based c-Silicon solar cells [1]-[12]. Indeed, various
techniques such as atomic layer deposition [3], chemical vapor
deposition [1], and solution processing [6] are explored for
low-temperature fabrication of CS contact layers. Apart from
the obvious advantages related to cost effectiveness due to
low temperature fabrication processes, large band gap CS
layers can also reduce the parasitic absorption at the front
end [13]-[16]. As a result, different materials such as a-Si [13],
poly Si [17], TiO [1]-[3], LIF, [4], KF, [5], PEDOT:PSS [6],
MoO, [7]-[10], V205 [10], and WO3 [10] have been exten-
sively studied recently. We note that there have been several
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modeling [18], [19] efforts as well to understand the device
performance of various materials as CS contacts with silicon.

In spite of the above-mentioned exciting research, however,
several critical aspects related to Si-based CS solar cells still
remain unexplored or not well understood. In this paper,
we address the effect of material and interface properties of
CS layer on the efficiency of Si-based heterojunction solar
cells through detailed analytical (Section II) and numerical
modeling (Section III). Then, using the given information,
we find out which pair of materials is best suited for Si-based
solar cells. Our results indicate that the performance of the
solar cell is significantly affected by the band discontinuity
between the CS layer and Si (respective bands)—and perfect
band alignment is, surprisingly, not a desirable aspect. Fur-
thermore, we provide a detailed map of efficiency versus CS
material parameters which could be of immense interest to the
community to a priori evaluate the performance of any pair
of materials as CS layers.

Il. ANALYTICAL MODEL

To explore the efficiency tradeoff in Si-based CS solar
cells, we first develop an analytical model. Fig. 1 shows the
band level alignments of such a solar cell (material parameters
are provided in appendix A). Here, ESL and HSL denote the
electron- and hole-selective layers, respectively. The parame-
ters that dictate the efficiency of a solar cell are the open-
circuit potential (V), short-circuit current (Js), and the fill
factor (FF) [20]. Of the above-mentioned parameters, the max-
imum achievable V. is dictated by the detailed balance of
carrier generation with various recombination processes. Sim-
ilarly, Jsc is a measure of the photogenerated carrier collection
efficiency under short-circuit conditions, while FF is more
influenced by the collection efficiency at the maximum power
point condition. In addition to carrier recombination in bulk
Si, interface recombination also critically affects the solar cell
performance and as such is influenced by various parameters
such as the material properties of the CS layer (which includes
the band alignment with c-Si, doping levels, and the complex
refractive index), Si/CS layer interface quality (i.e., interface
traps and band bending), and the nature of transparent conduc-
tive oxide (TCO) contact with the CS layer. In the following,
we develop an analytical model to predict the variation of the
above-mentioned three performance metrics as a function of
various material parameters. The metal or TCO contact with
CS layers are assumed as ohmic in this paper (which is valid
for heavily doped CS layers or in the presence of significant
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interface traps) and the effect of a Schottky contact between
the TCO and the CS layer is addressed in Appendix D.

Detailed Balance: For any solar cell, under steady-state
conditions, the following detailed balance relation is always
valid:

J
/ Gdx = —g + Rpuik + Rinterface (1)

where the left integral is the net carrier generation rate, the first
term on the right-hand side (RHS) is the current through the
solar cell, the second term in the RHS is the net recombination
in the bulk of the semiconductor while the last term on the
RHS indicates the recombination at any material interfaces.
The interface recombination component is given as [21]

Ec ngpy —n?
Rinterface = / #Dit dE (2)
E,

ngtnig Pstpis
Cps Cns

where ng, ps, and Dj; denote the electron density, the hole
density, and the trap density at the material interface, while ¢
and ¢, are the surface electron and hole capture coefficients,
respectively. We note that interface recombination should
be accounted for all CS/Si interfaces in (1), although only
one such interface is explicitly mentioned in (2). We will
now use (1) and (2) to predict the performance of Si-based
heterojunction solar cells, as detailed in the following.

A. Open-Circuit Voltage Vo

Under V,. conditions, we have J = 0 in (1). Accord-
ingly, the separation between the quasi-Fermi levels indicates
that [20] Voo = F, — Fp = (kT/q)ln(np/niz). Furthermore,
assuming low-level injection conditions, the bulk majority car-
rier density is p = N 4, the Si doping. And, the bulk minority
carrier electron density is np = (nl.2 /Na)e?Voe/KT Under such
conditions, the bulk recombination can be approximated as
Rouix ~ (np/tp)wsi, where 75 is the bulk lifetime which
includes the Shockley—Read—Hall (SRH), radiative recombi-
nation, and Auger recombination mechanisms, and wg; is
the silicon substrate thickness. Accordingly, for low levels of
illumination, we have 1/7;, = 1/tsru+BNa +CN§, where B
is the radiative recombination coefficient and C is the Auger
recombination coefficient.

The interface recombination can be evaluated in a compact
form using (2). As the quasi-Fermi levels remain spatially
constant at V., the interface carrier densities are given as

_4¥si
ps = Nae #1 (3)
P
N gVee .
ny = ' ot 4)

Na
where ps and ng are the hole and the electron densities,
respectively, at the CS/c-Si interface and ws; is the band
bending in c-Si.

Equations (1) and (2) allow us to estimate the asymptotic
limits of V,.. For example, in the absence of any interface
recombination and uniform carrier generation rate G, the max-
imum achievable Vi for a solar cell is given as

kT Gtp Ny
Voc,max = _ln( 3 ) (5)
q n;

L
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Fig. 1. Energy level alignments of a Si-based carrier selective solar cell.
Refer Appendix A for simulation parameters.

On the other hand, the presence of interface recombination
reduces the achievable V(. from this limit. An asymptotic limit
for the minimum achievable V. can be obtained using Gws; =
Rinterface [see (1)]. However, the maximum Rjpeerface happens
under the conditions p; = n, [under the assumption ¢ s = ¢y,
see (2)]. Under such conditions, (3) and (4) indicate that

Voc,min
2

where wr = (kT /q)In(N4 /n;). Accordingly, for uniform Dj,
the minimum achievable V. is given as

2kT 2Gws;
Voc,min = TIH ( : )

cns Dyt Eg sini

Here, E; s is the bandgap of c-Si. Equations (5) and (6)
predict the upper and lower bounds for V,. that could be
achieved by any CS solar cell (note that we have considered
recombination at ESL/Si layer only, but the model could
be easily extended to account for recombination at HSL/Si
interface as well). For typical values of 1 sun illumination
with 7grg = 1 ms, B = 1.1 x % cm? - 57!, and Cu,p) ~
10731 ¢mf - s~ we get Voe,max = 750 mV, while Voe min =
560 mV.

The asymptotic limit for the theoretical minimum V. for
any Dj;, provided by (7), could be made more accurate to
account for the bulk recombination as follows. The detailed
balance [(1)] under V,. conditions along with (6) leads to

(6)

YSi,min = YF —

@)

9Voc, min
nizWSi 4Voc, min nl-zcnsDitEg,Si avF  TORT
——e¢ kT + —_ ¢

2Ny

— Gwsj = 0.
(8)

Fig. 2(a) shows the variation of V¢ min as a function of Dj.
The symbols represent solution of (8), while the solid lines
are solutions of the asymptotic limits given by (5) and (7).
For low Dit, Voc,min 1s well predicted by (5) while for large
Dj, (7) predicts the trends.

It is interesting to note that Ve min depends only on the
interface quality (i.e., Dj;) and is independent of ESL para-
meters. However, this is subject to the condition ny = p;
which might be satisfied for only certain unique combinations
of other material parameters. To explore this further, we note
that the device electrostatics indicate that V. is related to the

kT e
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Fig. 2. Model predictions for Voc. (a) Minimum Voc as a function of

Di(cm™ eV, (b) Voc as a function of AE;. (c) Effect of doping density
variation ND,ESL(cm's). (d) Effect of dielectric constant egg) (mentioned
as legends).

other material parameters by the relation
Voc = Vbi — Wsi — WESL )

where the built-in potential V; = abs(pgsp — ¢si), the dif-
ference in the work function of c-Si and ESL, and wgsp is
the potential drop in ESL under V, conditions (estimated in
Appendix B). Equation (9) allows us to estimate the conditions
at which a solar cell could achieve V¢ min as predicted by (7).
For this the first-order estimate is needed for wgsp, which is
provided in Appendix B, and

Voo = AE, + Egsi— Eg ESL N k—Tln (& ND,ESL). (10)

2 q ni ni,ESL

where AE., = EA(Si) — EA(ESL) is the difference in
electron affinities, Eg gsp is the bandgap of ESL, and
n;gsL. and Np gsi, are the intrinsic and doping concentrations
in ESL, respectively. It is now evident from (6)—(10) that
there exists a particular combination of various parameters
such as A E., dielectric constant, and doping density, at which
Voe,min 18 achieved for a particular Dj;. Any deviation in
any of these parameters would result in V. larger than
Voc,min (for that particular Dj). Indeed, with appropriate
parameters, (9) indicates that band alignment for the minimum
Voc conditions is AE, ~ 50 meV for Dj in the range of
1019—10'2 em~2-eV~!. Accordingly, this model predicts that
for large AE., V,. should improve significantly and approach
Voe,max asymptotically—a hypothesis which could be tested
against detailed numerical simulations.

We now explore the dependence of V. on CS layer material
parameters such as AE., Dj;, doping density, and dielectric
constant of the CS layer. As discussed earlier, Vi of a device
could be different from that predicted by (7) and (8), as the
resultant band bending might not ensure the condition ng; = pg
at the interface. An analytical model to address this general
case (i.e.,Voc under the conditions ng # pg) is described in
Appendix C. The results from the analytical model are plotted
in Fig. 2(b)—(d). Fig. 2(b) shows the variation of V,. as a

function of AE.. Interestingly, Fig. 2(b) shows that Vi is
limited by the bulk lifetime if Dj; = 0 and is predicted by (5).
For nonzero Dj;, Vi is minimum for small AE. and is given
by (7). Equation (10) indicates that an increase in A E. leads to
an increase in Vp;, which leads to an increase in ws; [see (9)].
Accordingly, one type of carrier dominates the other near the
interface [see (3) and (4)] which results in reduced interface
recombination, hence better V,.. Hence, for large AE., Vi
approaches the asymptotic limit predicted by (5). Furthermore,
Fig. 2(c) shows the effect of doping in ESL (Np gs1.) on Vi in
the presence of Dj; = 10'2 cm—2.eV~!. This trend is also well
predicted by the analytical model. An increase in Np gsi. tends
to increase Vy; [see (10)], and hence, Ve min condition will be
met with a reduction in AE.. As a result, the curve shifts
to the left with an increase in Np gsi. [Fig. 2(c)]. Fig. 2(d)
shows the effect of dielectric constant (¢gsp) in ESL in the
presence of Dj; = 10'2 cm™2 . eV~!. An increase in EESL
results in a reduction of wgsy. (see Appendix B) and the
Voe,min conditions will be met with a decrease in AE. [see (9)
and (10)]. Accordingly, the curve shifts to the left as well.

B. Jsc and FF

The analytical results in Section II-A indicate that there
should be a minimum band offset of around 0.2-0.4 eV for
optimal V,.. However, this analysis still does not predict the
trends for efficiency unless accounted for Jy. and FF—both
depend on the collection efficiency of carriers at respective
electrodes. Under short-circuit conditions, Rinterface 1S negligi-
ble (as nyp; ~ n?), and n; ~ (n?/Na)et4¥si/kT Note that
photocurrent collected through the ESL, which is Jy, is now
given as

>

_AEc
Jsc X nge™ kT

(1)

where ng; on the RHS denotes the supply of electrons and
e~ ME/KT denotes the probability of crossing the barrier (i.e.,
for AE. > 0. Otherwise, the current will be limited by the dif-
fusion of electrons from bulk to Si/ESL interface). An equiva-
lent expression for (9) under short-circuit conditions indicates
that Vpi — wsi — wesL = 0, where V4, is still given by (10).
As such, an increase in A E. will result in an increase in both
Vi and wsi, and hence, the supply ng increases exponentially
with AE, while the over-the-barrier transport probability
decreases exponentially with AE.. Accordingly, (11) predicts
that Jyc is invariant with AE, and this invariance is expected
till the Si surface becomes strongly inverted. Once the surface
becomes strongly inverted, ng will not increase appreciably
any further. However, the over-the-barrier transport probability
will still decrease exponentially with A E,, thus, leading to a
decrease in Jy.. Based on this argument, we expect Js to
remain invariant till a particular AE. is obtained (which is
~0.4 eV as shown by numerical simulations in subsequent
sections).

The variation of FF with A E.. is rather difficult to anticipate.
For small AE., we expect that the FF might follow the trends
of Vo as predicted by the analytical relationship between
FF and V,. [22]. For large AE., the FF decreases due
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to the reduction in collection efficiency of photogenerated
carriers (trends similar to the short-circuit conditions).

The analysis in this section predicts that the performance
of a CS solar cell is not at its optimal value for perfect
band alignment—indeed, the best device performance could
be at an optimal AE., which in turn could depend on the
interface recombination as well. The same model predicts
that the performance improves with an increase in the doping
density and dielectric constant of the CS material.

[1l. NUMERICAL SIMULATIONS

To further explore the predictions from the analytical model,
we performed detailed numerical simulations (self-consistent
solution of Poisson and drift diffusion equations) [23].
Appendix A provides the list of parameters used in simu-
lations. The effect of band discontinuity between c-Si and
ESL in the presence and absence of traps is explored using
numerical simulations. For this, we first study the effect of
conduction band offset AE,. at the ESL/Si interface while
keeping AE, = 0 eV for HSL. Uniform density of interface
traps was assumed at the ESL/c-Si interface. Later, the effect
of band offsets at Si/HSL interface is also discussed.

Fig. 3(a) and (b) shows the energy band diagram near the
ESL under short-circuit conditions for AE, = 0 eV and
AE. = 04 eV, respectively. It is evident that the band
bending in c-Si is more in the case for AE, = 0.4 eV.
This large band bending creates an inversion region near the
¢-Si/ESL interface. Fig. 3(c) and (d) shows the variation in
the carrier densities with bias at the ESL/c-Si interface in the
c-Si edge for AE, =0eV and AE. = 0.4 eV, respectively.
The minority carrier density, which dictates the rate of trap-
assisted recombination, is significantly lower for the case with
large AE.. [Fig. 3(e) and (f) shows a comparison of the net
recombination rates.] As a result, Vi is expected to increase
with AE,, similar to that of field effect passivation [24] and
efficiency improvement due to inversion [25], [26]. We expect
similar effect for negative AE, as well. Negative AE . leads
to an increase in pg and reduction in ng which reduces the
interface recombination term [see (12) in Appendix B]. This
reduction in recombination leads to an improvement in Vi
with negative AE,.

The above-mentioned insights are well supported by the
trends related to dark IV characteristics as well. For example,
the effect of A E. on the dark IV characteristics in the presence
of interface trap density of 10’2 cm~2-eV~! is shown in Fig. 4.
Ideality factor is close to 2 at AE. = 0 eVwhich corresponds
to significant recombination due to the interface traps. Ideality
factor decreases with A E. and reaches a value close to 1 near
AE. = £0.4 eV. This indicates a reduction in the detrimental
effect of interface traps at larger values of AE. as discussed
earlier. Note that Jy follows the trend of the ideality factor.
Jo has the maximum value at AE. = 0 eV as a result of
significant interface recombination—which is also confirmed
by carrier densities, ng and pg in Fig. 3.

Fig. 5 shows the effect of discontinuity in the conduction
band between ESL and c-Si on the solar cell performance.
Fig. 5(a) shows the variation of V,. with AE.. The results
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Fig. 3. Effect of AE; on band bending and carrier densities at c-Si/ESL
interface with D = 102 cm? . eV'! (numerical simulations, under
illumination). (a) and (b) Energy band diagram for AE; = 0eV and AE; =
0.4 eV, respectively, at short-circuit conditions. (c) and (d) Variation in
interface carrier densities ns and pg with bias. (e) and (f) Variation of
recombination and generation rates with bias for AE; = 0 eV and AE; =
0.4 eV, respectively. G, Rgyik, Rinterface, @nd Rrotal (Symbols) represent
the generation rate, bulk recombination rate, interface recombination
rate, and total recombination rate of the electrons in the device. V¢ is
the point of intersection of the generation rate and total recombination.
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Fig. 4. Effect of AEc on Jy and ideality factor in the dark IV with interface
traps (D = 10'2cm2 . ev'1). This indicates that Jo and ideality factor
improve as the band offset varies from AE. = 0 eV conditions due to
the reduction in interface recombination.

are similar to the analytical predictions in Fig. 2(b). In the
presence of traps, the variation in Vi is almost symmetric
with AE.. The minimum value of V. is at AE. ~ 0 eV and
it increases as A E, increases (i.e., the magnitude), as already
explained.

Variation of Jy. with A E, is shown in Fig. 5(b). As seen in
the analytical model, J is not affected till a particular value
of AE. is reached. After that, the over-the-barrier transport
of carriers to ESL decreases with an increase in AE.. The
collection of electrons is not typically affected with negative
AE,, as the band bending under short-circuit conditions is
large enough [Fig. 3(a) and (b)], and hence, there is no effect
of interface traps on Jy for negative AE..
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Fig. 5. Effect of AE¢; on performance parameters. (a) Vo, (b) Jsc, (C) FF,
and (d) efficiency of CS Si solar cells for different Dy(cm™ eV 1) values.
Note that the trends are broadly consistent with the analytical model and
indicate that surprisingly, the solar cell performance is ideal for a nonzero
band offset.

Fig. 5(c) shows the variation in FF with AE.. Without
any interface traps, FF is not affected till AE, = 0.4 eV.
Beyond AE. = 0.4 eV, over-the-barrier transport of electrons
from c-Si to ESL is affected under the maximum power point
conditions, and hence, gets reflected in FF. The results show
that the presence of interface traps significantly affects the
FF for lower values of AE, [also see Fig. 3(e)]. Specifically,
under such conditions, the FF follows the V. trends for both
the negative and positive values of AE., as predicted by the
empirical relationship connecting FF with V. [22].

Finally, the solar cell efficiency [see Fig. 5(d)] also follows
the trends of V,. and has its minimum at perfect band
alignment conditions. The performance improves in both the
directions, till over-the-barrier transport is affected and the effi-
ciency becomes limited by FF and Jy.. Accordingly, the best
device performance is observed at AE, ~ 0.3-0.4 eV.

A. Effect of Doping and Dielectric Constant in the SL

Fig. 6 shows the effect of doping and dielectric in ESL with
A E . on the solar cell performance parameters. Fig. 6(a) shows
the variation of V.. with A E.. It shows that the curve shits to
the left with an increase in both the doping and the dielectric
constant in ESL. As explained in Section II, this is due to the
increase in band bending in the c-Si region near ESL with an
increase in both doping and dielectric constant.

B. Effect of Band Discontinuity Between HSL and c-Si

Fig. 7 shows the effect of A Ey between c-Si and HSL in the
presence of interface traps on solar cell performance parame-
ters. As before, here we assume ideal conditions at ESL/c-Si
interface (i.e., zero band offset and no traps). Fig. 7(a) and (b)
shows the variation of V. and Jg, respectively, with AEy.
While the change in V. is very similar to that observed with
ESL/c-Si band offset (see Section III-A), surprisingly, there
are significant differences in the Jy. trends. We observe that
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Fig. 6. Effect of doping and dielectric constant in ESL on solar cell

performance parameters. (a) Voc, (b) Jsc, (c) FF, and (d) efficiency for
Dy = 10'2 cm™2 . eVv-1. Case (i) has an ESL doping of 10'7 cm™ and
dielectric constant of 6.2, case (ii) has an ESL doping of 107 ¢m™ and
dielectric constant of 85, and case (iii) has an ESL doping of 1018 cm™3
and dielectric constant of 6.2. The results indicate that the passivation
quality increases with doping and dielectric constant for the same positive
value of AEg.
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Fig.7. Effectof AE\,at Si/HSL interface on the performance parameters.
(@) Voe, (b) Jsc, (c) FF, and (d) efficiency of CS Si solar cells for
different D (cm'2 . eV'1) values. Here both V¢ and Jsc are affected
by the change in the passivation quality at the c-Si/HSL interface due to
variation in AE),.

Jsc varies with AEy in contrast to the trends for ESL/Si
interface (see Section III-A). These puzzling trends are due
to the distinct nature of ESL/c-Si and c-Si/HSL junctions.
While the former is a PN junction, the latter is a PP™ junction.
Accordingly, the band bending in c-Si is more at the ESL/c-Si
junction than that of the c-Si/HSL junction. This reduction in
band bending increases the recombination loss at c-Si/HSL
interface which reduces the collection efficiency of holes,
hence Jgc.

Fig. 7(c) and (d) shows the variation of FF and efficiency,
respectively, with AE,. Due to the smaller band bending in
c-Si near the HSL, the effect of interface traps is more at the
c-Si/HSL interface compared to ESL/c-Si interface, as shown
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by the lower values of efficiency for the corresponding values
of band discontinuity.

IV. IMPLICATIONS

Our results show that interface engineering is very crucial
for Si-based CS solar cells. Indeed, for similar band offsets,
the presence of traps is more detrimental at the selective
layer that extracts the majority carrier. For example, Figs. 5
and 7 indicate that traps at HSL/c-Si interface (where holes,
the majority carriers for p-substrate, are collected) reduce the
efficiency quite significantly as compared to the same trap
density at ESL/c-Si interface (where electrons, the minority
carriers, are collected). Note that similar conclusions will hold
good for n-type substrates as well, as the above-mentioned
effect is only influenced by the amount of band bending
in c-Si. This has interesting implications on the choice of
materials for Si-based CS solar cells. While the presence
of a p-n junction, and hence, the associated band bending
allows considerable freedom in the choice of selective layer to
extract the minority carriers, the selective layer for extraction
of majority carriers should be chosen carefully with near
perfect interface passivation properties. Accordingly, among
the various choices, we speculate that a-Si based selective
layers might be the most promising to extract the majority
carrier (as a-Si could provide excellent interface passivation),
while many other materials could be successful to extract the
minority carriers.

Finally, our results indicate that parameters such as band
discontinuity, doping, and dielectric constant of CS materials
are the critical parameters that could affect the interface recom-
bination, and hence, the efficiency of Si-based CS solar cells.
This information allows us to compare the promises of various
CS materials such as a-Si (AE, ~0.3eV and ¢ = 11.9) [11],
TiOy (AE. ~ 0.05 eV and ¢ ~ 85) [16], and ZnO(AE, ~
—0.6eV and ¢ ~ 9) [27] as ESL. For similar doping and
Dy, our results indicate that a-Si might be the optimal choice
and followed by ZnO. TiO, has the drawback of almost
perfect band alignment; however, it has the advantage of large
dielectric constant. These trends indicate that a-Si based CS
contacts would continue to yield the best performance as both
the ESL and HSL (see Section III-C also)—a conclusion also
partially supported by the excellent efficiencies achieved by
HIT solar cells [11]. Future exploration of new CS materials
can be immensely benefitted through a quantitative evaluation
of material parameters (band offset, doping density, dielectric
constant, and interface trap density) as detailed in this paper.
We would like to stress that these conclusions/insights are
also dependent on the properties of the TCO/ESL contact. The
analysis so far provided in this paper relied on the assumption
of ohmic conditions at TCO/CS contact. At the other extreme,
one could have significant Schottky barrier effects at the
TCO/CS contact. Indeed our results (Appendix D) indicate
that non-ohmic nature of TCO/ESL contact (Schottky junction,
Fermi-level pinning, etc.), and so on) affect the performance
in a nontrivial manner—which could be significantly different
from that of the other asymptotic limit of ohmic contacts.
Even then, this paper serves as a benchmark that the functional

dependence of critical parameters is clearly elucidated and any
deviation observed could then be subsequently explored in a
coherent and systematic way. Given the trends toward low-
temperature processing, it is evident that the future studies in
this regard should account for both the effect of TCO work
function and trap-assisted tunneling at TCO/CS contact.

V. CONCLUSIONS

To summarize, here, we addressed the effect of CS mate-
rial properties on the solar cell performance. We developed
an analytical model to evaluate the effect of CS material
parameters on the efficiency and the same was validated
using detailed numerical simulations. Curiously, we find that
the optimal band alignment depends on the interface quality.
If the interface quality is very good, then the efficiency is
limited by over-the-barrier transport of carriers, and hence,
small band offsets do not affect the performance. Otherwise,
for not so ideal conditions at the interface, a band offset
of around 0.2-0.4 eV provides sufficient band bending to
reduce the effect of interface recombination, thus improving
the performance. In addition, our results show that the need
for excellent interface passivation is more at the majority
carrier extraction layer than at the minority carrier extraction
layer. Furthermore, we find that both the doping and the
dielectric constant of the CS material have a similar effect
on the performance, and the TCO/CS contact properties could
significantly influence the results. Hence, we suggest that the
future work in this regard should address a broader range
of TCO work function along with trap-assisted tunneling at
TCO/CS interface. These interesting insights could be of broad
interest to the community toward the selection of appropriate
materials as CS layers.

APPENDIX A
PARAMETERS USED IN SIMULATIONS

To study the band offset effects, AE. at the ESL/c-Si
interface is varied from —0.6 to +0.6eV, while the barrier for
holes is kept fixed (2.28 eV). At the c-Si/HSL interface, AE,
is varied from —0.2 to +0.5 eV, while the barrier for electrons
is kept fixed (2.28 eV). As a result, the band gap (and also
the electron affinity) of ESL varies with the corresponding
band offset used in each simulation. Accordingly, in our
simulations the ESL band gap varies from 2.8 to 4 eV, which
is comparable to the band gap of TiO; (~3.4 eV). Similar
arguments hold good for HSL as well. For ease of analysis,
we have used the same dielectric constant (6.2) for both ESL
and HSL. However, many materials could have large dielectric
constants (like TiO»), and the effect of large dielectric constant
was explored by both the analytical modeling and numerical
simulations (also mentioned in Section IV). We considered
uniform distribution of traps at the interface of CS layer and
Si. The capture cross section of these traps was assumed
as 107!'® cm~2. The radiative recombination coefficient in
¢-Si is assumed as 1.1 x 1071 ¢m? . 57! [28]. The Auger
coefficient for electrons and holes in c-Si is assumed as
11073 cm®s~! and 0.79x1073! cm®-s~! [29], respectively.
The remaining parameters are provided in Table I.
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A first-order estimate for the potential drop in ESL can be
given as

WESL ~ (Qi + Obulk)WESL/EESL (12)

where Q; is the net charge due to the interface states (Q; =
—qDy(Ern — E;) + gDy (E; — EFp) [21], and the depletion
charge in Si is Qpuik = —+/2¢5iq Na wsi(esi and egsp are the
dielectric constant in c-Si and ESL, respectively).

APPENDIX C
ANALYTICAL MODEL FOR Voc

Equations (3) and (4) indicate that the majority carriers at
the interface could be either electrons or holes (which will
be influenced by the parameters V,. and ys;). Accordingly,
we obtain different relations for tradeoff of V. versus carrier
densities, as follows. Specifically, evaluating Rjnterface USIng (2)
under the assumption of pg > n; and uniform Dj;, with Rpyk
as evaluated in Section II-A, (1) can be approximated as

2
Gw ~ 4 4 (@ + CnsDite+%/7§lEg si) (13)
Ny T '
where E, g is the bandgap of c-Si [Note that (13) represents
interface recombination at only one interface, say ESL/Si.
However, it could be easily extended to consider recombi-
nation at multiple interfaces.] On the other hand, the same
procedure with ng > p; leads to
2
Gw ~ n_"equ% Wi + cpSDi,NIL\equWTS1 Eg si.
Na Thulk
Voc can be estimated for different values of ws; using (13)
for p; > ns and (14) for ny > ps. However, ysi under Vi
conditions is still an unknown factor and it can be related
to various parameters of interest such as the band offset and
doping of ESL. Now, (9), (10), (13) and (14) can be self-
consistently solved to evaluate the V. tradeoff with various
material parameters associated with Si-based CS solar cells
and the results of which are plotted in Fig. 2.

(14)

APPENDIX D
EFFECT OF TCO CONTACT WITH ESL

The results in this paper relied on the assumption that the
TCO/ESL contact is ohmic in nature—which is expected in
the presence of heavy doping of ESL and/or in the presence
of significant trap-assisted tunneling of electrons from ESL to

- (b) E
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Fig. 8. Effect of AE; with a Schottky contact of work function 4.7 eV
at ESL on performance parameters. ga) Vog, (b) Jse, (c) FF, and (d) effi-
ciency of CS Sisolar cells for Dy, = 102cm™.eV-!. For this configuration,
an optimal value of negative AE; between ESL/c-Si interface gives the
best performance.
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Fig. 9. Effect of AE; on band bending and carrier densities at c-Si/ESL
interface with Dy = 102 cm™ . eV-1, when a TCO with work function 4.7
is considered as the contact (numerical simulations, under illumination).
(a) and (b) Energy band diagram for AE; = —0.3 eV and AE; = 0.3 eV,
respectively, at short circuit conditions. (c) and (d) Variation in interface
carrier densities ns and ps with bias for AE;c = —0.3 eV and AE; =
0.3 eV, respectively. (e) and (f) Variation of recombination and generation
rates with bias for AE; = —0.3 eV and AE; = 0.3 eV, respectively. The
various parameters listed are already defined in Fig. 3.

TCO. (There could be issues related to Fermi-level pinning
as well [18].) However, in the view of the above-mentioned
issue, TCO/ESL Schottky junction might be of concern for Si-
based CS solar cells, and here, we consider the same. Fig. 8
shows the effect of a Schottky contact of work function 4.7,
which corresponds to Indium Tin Oxide (ITO) [30] at ESL on
performance parameters with A E.. The results indicate that
the nature of TCO/ESL junction can significantly affect the
CSC performance. Specifically, Fig. 8(a) shows that negative
values of AE, give the best value of V. Fig. 8(b)—(c) show
that Js., FF decreases for positive values of AE,, similar to
Voc trends. Finally Fig. 8(d) shows that efficiency, which is
the product of Jy., FF and Vi, varies similarly with AE..
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Insights on the above-mentioned efficiency tradeoff can be
obtained from Fig. 9. Fig. 9(a) and (b) shows the energy
band diagram near the ESL at short-circuit conditions for
AE. = —0.3eV and AE. = 0.3 eV, respectively. It is evident
that the band bending in c-Si is less for both cases compared
to the case with the ohmic contact (refer Fig. 3). Fig. 9(c)
and (d) shows the variation in the carrier densities with bias
at the ESL/c-Si interface in the c-Si edge for AE, = —0.3 eV
and AE. = 0.3 eV, respectively. Fig. 9(e) and (f) shows
the variation in the generation and recombination rates with
bias for AE, = —0.3 eV and AE. = 0.3 eV, respectively.
It shows that for AE. = —0.3 eV, bulk recombination is
more than interface recombination. However, for AE, =
0.3 eV, the interface recombination term is comparable to the
generation rate throughout the voltage range and reduces both
Jsc as well as V.
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