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Abstract: Despite the potential in single- and multi-junction solar cells application, research into the
wide band gap Culn;,Gax(Se;Sy)z or CIG(SSe); solar cell material, with Eg > 1.5 eV, has yet to
be extensively performed to date. In this work, we conducted a numerical study into the role of the n-
type layers in CIG(SSe), heterojunction solar cells, specifically concerning the maximum open-circuit
voltage of the devices. In the first part of the study, we derived a new ideal open-circuit voltage
equation for a thin-film heterojunction solar cell by taking into account the current contribution from
the depletion region. The accuracy of the new equation was validated through a simulation model
in the second part of the study. Another simulation model was also used to clarify the design rules
of the n-type layer in a wide band gap CIG(SSe); solar cell. Our work stressed the importance of a
positive conduction band offset on the n-/p-type interface, through the use of a low electron affinity
n-type material for a solar cell with a high open-circuit voltage. Through a precise selection of the
window layer material, a buffer-free CIG(SSe), design is sufficient to fulfill such conditions. We
also proposed the specific roles of the n-type layer, i.e., as a passivation layer and selective electron
contact, in the operation of CIGS, solar cells.

Keywords: CIGS; solar cells; thin-film heterojunction; open-circuit voltage; n-type layer; CulnGaS,

1. Introduction

Chalcopyrite Culn; ,Gax(Se1—,,Sy)2 or CIG(SSe); solar cells are one of the prominent
materials used in the thin-film solar cell technology. Unlike the first-generation solar cells,
which are usually formed by a homogeneous pn-junction coupling, such as n-5Si/p-5i, a mix
of different materials is used to form a heterojunction coupling in thin-film solar cells.
The absorber material of thin-film solar cells, such as CIG(SSe);, has high absorption coeffi-
cient, which « [1,2] allows a comparable photon absorption to the thicker homojunction
solar cells, even with less material use. The thin-film technology also enables for a wider
field of application, one being to reduce the material cost in tandem solar cells. As an
example, since spectral matching between the top and bottom cells is one of the challenges
in the tandem solar cell technology, the band gap tunability of CIG(SSe), material, through
the Ga/In and the S/Se adjustment, serves as an extra advantage over other materials in
the tandem solar cell applications. According to Coutts et al. in [3] and Meillaud et al. in [4],
an optimum tandem solar cell requires a narrow-band gap materials with E¢ = 1.1 eV for
the bottom cell and a wide band gap material, with Eq = 1.7 eV for the top cell. The band
gap of the CIGSe; material group can be adjusted between 1.0-1.7 eV, whereas the band
gap of the CIGS; material group can be modified between 1.5-2.4 eV [5,6]. A variation
of CIGSe, materials with the band gap in the narrower range is suitable for the bottom
cell application [7], while the wider band gap CIGS, materials are suitable for the top cell
application [8]. In addition to that, the band gap of low-Ga CIGS; is also very close to the
ideal single-junction solar cell band gap for the best spectral matching application [9,10].

Compared to its narrow-band gap counterpart, research into the wide band gap
CIG(SSe), has yet to achieve favourable outcomes. As an example, band gap grading
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design, through Ga-content control, have had a significant impact [11,12], and numerous
theoretical studies in band grading designs are still underway [13-15]. The additional
step of absorber layer’s post-deposition treatment (PDT) using alkali [16,17] have also
been known to have a positive impact on the CIGSe; solar cell’s performance. In addition,
the importance of the pn-junction interface between the buffer layer and the absorber layer
in non-radiative recombination was identified empirically [18-20] and further validated
through a numerical study [21]. The abundance of work on the narrow band gap CIGSe;
solar cells established the current efficiency record of 23.35% [22] for a single-junction
narrow-band gap CIG(SSe), solar cell with E; = 1.09 eV. In contrast, the current efficiency
record for the wide band gap CIGS; solar cell is 16.9% [23].

Several challenges in reaching high-efficiency wide band gap CIG(SSe), solar cells
have been discussed in the past. In [24], Gloeckler and Sites suggested that interfacial
recombination limited the open-circuit voltage of wide band gap pure-selenide CIGSe; solar
cells. The authors deduced that the standard ZnO/CdS n-type layers coupling resulted in
an inadequate conduction band alignment on a wide band gap CIGSe; absorber. Wei and
Zunger proposed an alternative window material, such as Zn(O,S), in [25], in which the
addition of S would adjust the conduction band minimum of ZnO to a better matching.
Another alternative n-type layer was suggested by Larson et al. in [26]. In that experiment,
Zn;_,Sn,Oy was used as the alternative n-type buffer layer. In the work, the authors
claimed that the alternative material resulted in the highest known open-circuit voltage
ever achieved empirically on a chalcopyrite solar cell at Voc =1.017 V.

Gloeckler and Sites also presented, in their paper, that the wide band gap material
achieved by valence band control through S addition resulted in a higher open-circuit voltage,
compared to their similar band gap counterparts achieved through Ga addition [24]. An al-
ternative, Zn;_,Mg,Oy, was used as the alternative buffer layer material by Hiroi et al. [27],
which improved the short-circuit current of the device, compared to that using the CdS buffer
layer. Another improvement on Voc was also observed in the study following the adjustment
of the Mg concentration, from Mg/(Mg + Zn) = 0.193 to Mg/ (Mg + Zn) = 0.242. The observed
improvement agreed with a previous study by Minemoto et al., in [28], where the authors
found that a change in Mg/(Mg + Zn), from x = 0 to x = 0.46, resulted in the widening of
Zny_Mg,O, band gap, from E; = 3.24 eV to E¢ = 4.20 eV, presumably resulting in a better
conduction band matching on the buffer/absorber interface [29].

In addition to the performance improvement of CIG(SSe); solar cells fabricated from
the wide band gap CIG(SSe), absorber, the role of the n-type layer materials was also
crucial in the development of buffer-free CIG(SSe), solar cells. The presence of n-type
buffer layer was long deemed to be necessary in the conventional CIG(SSe), solar cell’s
device structure to achieve high efficiency [30,31]. However, from the manufacturing
perspective, the elimination of the buffer layer is preferable, in order to simplify the
fabrication process and produce low-cost solar cell devices. Several studies on buffer-free
CIG(SSe), structure have been done in the past. The application of alternative n-type
materials, such as ZnO;_,Sy:Al [32] or Zn;_,Mg,O:Al [33], on a buffer-free CIG(SSe),
absorber layer has been shown to be advantageous on the solar cell performance. In both
papers, the authors argued that the improved solar cell characteristics were due to the
conduction band’s offset alignment on the pn-junction interface.

The importance of the heterojunction’s n-type layer material, in determining the
performance of the solar cell device, has been empirically demonstrated in those research
works. Many of them attributed the improvement to the conduction band offset (CBO)
alignment or matching between the n- and p-type layers. However, the previous works
have yet to thoroughly expound the physical phenomenons that are responsible for the
advantage of such band alignment in the design. Those works have also yet to illuminate
the mechanism behind the harmful nature of other band alignments, as opposed to the
ones recommended in the studies. Therefore, we present a fundamental study into the
n-type layer of a CIG(SSe); solar cell in this work, in order to further understand the exact
roles and design rules of this layer. Through this study, we suggest the underlying physical



Energies 2022, 15, 4

30f15

mechanisms in the device, which can explain both why certain band alignment design
appear to be advantageous and others appear to be disadvantageous in the overall solar cell
performance. In this study, CIGS; material with the ideal optical band gap of Eg = 1.5 eV
will be used in the calculation. However, we believe that the principles introduced in this
study are applicable for the material design process of CIG(SSe); of any band gap. In the
first part of the study, a new open-circuit voltage equation was derived by considering the
effect of the current generated in the n-typelayer. This new equation served as the reference
point for the maximum achievable Vo for the rest of the work. In the second part of the
study, we focused on analysing the effect of the n-type layer materials on the open-circuit
voltage of the ideal band gap CIGS; solar cell devices.

2. Theoretical-Vpc Equation

To estimate the theoretical maximum-Vpc of solar cells with a particular design,
several open-circuit equations have been used in solar cell design. In correspondence with
the current flowing in the device, several assumptions were made to derive a theoretical
Voc equation. The first assumption is the uniformity of photon absorption across the
bulk and, thus, a uniform electron-hole pairs generation rate. Another assumption is
related to the width of the depletion region. The currents generated in the depletion
region were neglected, since it was assumed that the depletion region was too thin to
contribute a significant amount of current to the system. Based on the aforementioned
assumptions, Equation (1) can be derived, where k is the Boltzmann constant, T is the
operating temperature, ¢ is the charge, N4 is the acceptor concentration, n; is the intrinsic
carrier concentration, G is the generation rate, and . is the electron lifetime:

VOC = kl In Nfglc‘[e. (1)
q n;
As Vo is one of the parameters that may indicate the extent of energy availability
of a solar cell, the open-circuit voltage was also defined, with respect to the quasi-Fermi
energy distribution variable. In the homojunction solar cell field, such as Si, the value of
the theoretical or implied-Voc is given as the difference between the electron’s quasi-Fermi
energy, Erc, at the front contact and hole quasi-Fermi energy, Ery, at the back contact [34].
The difference between the quasi-Fermi levels is directly related to the excited carrier
concentration, GT,, shown in Equation (1). Therefore, Voc can also be estimated by using
Equation (2), below:
Voc = EPC;EFV )

Although the assumptions are sufficiently satisfied in homojunction solar cells, hetero-
junction thin-film solar cells, on the other hand, do not possess such physical properties.
Concerning the depletion region, the depletion layer of a heterojunction thin-film solar cell
may extend well into the absorber layer, therefore allowing the photocurrent generated
both in the bulk and the depletion region to contribute to the total current of the system.
Besides, unlike homojunction solar cells, in which the generation can be considered uni-
form across the bulk, the generation rate in the bulk of heterojunction thin-film solar cells
is nonuniform, with the generation rate rapidly decreased past the pn-junction interface.
The generation rapidly diminished at each point further from the interface, as implied by
G(x), Figure 1. The high generation rate at the interface further highlights the involve-
ment of the depletion region in determining the open-circuit voltage of a heterojunction
thin-film solar cell, such as a CIGS; solar cell. Based on these two new assumptions, we
were able to derive a new generation-dependent theoretical Vpoc equation, as written in
Equation (3), where « is the absorption coefficient, W is the depletion layer width, and L. is
the electron diffusion length. This equation suggests that V¢ is larger than the quasi-Fermi
level splitting:
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The non-uniform absorption assumption, across the bulk, is represented by «L,, and
the contribution of the depletion layer is represented by e*W (Equation (3)). Additional
variables, considered in Equation (3), suggest that heterojunction solar cells are theoretically
able to achieve a higher open circuit voltage, compared to the homojunction solar cells.
In addition, this equation is also applicable for homojunction solar cells by employing
the prior assumptions, as for the derivation of Equation (1), i.e., aL, << 1, L, << a,
and W is negligible. The accuracy of our new theoretical Vpoc equation was evaluated in
the following section, through a numerical calculation of a n-Window /p-Absorber solar
cell structure, in an ideal condition, where the interface defect is assumed to be negligible.
Next, by using the theoretical Voc as the maximum reference value, we also explored the
design rules of the n-Window /p-Absorber structure in the realistic condition to minimise
the V¢ deficit in CIGS; solar cells.

d, d, d
10% 7—HW : =
gx10” | ?
«® 6x102 | -
E | ]
~
N410"| .
O
2x10™ B )
0 J | | | | |
0 0.5 1 1.5 2 2.5 3 35

Distance from front contact [pum]

Figure 1. Generation rate profile, with respect to cell depth of a thin-film heterojunction thin-film
solar cell; dy, dy, ds are the respective thicknesses of the window, buffer, and absorber layers.

3. N-Type Layer Simulation Modelling

In this paper, two models of the device structure were simulated in the one-dimensional
solar cell capacitance simulator (SCAPS-1D) [35-39], as depicted in Figure 2.

V.L
XCIGS
Ec
EgCIGS
Ep
Ey
Absorber
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@)
Figure 2. Cont.
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Figure 2. Illustration of CIGS, solar cell simulation models used in the calculation for (a) win-
dow /absorber structure with ideal interface condition (Model A) and (b) window /absorber structure
with non-ideal interface condition (Model B).

The first model, Model A, was a basic pn-junction solar cell with a window /absorber
structure, where an arbitrary n-type material was coupled as the window layer of a wide
band gap CIGS, absorber. In this model, the interface between the layers was in an ideal
condition, where no defect was present. The electron affinity of the window layer (yVindow)
was varied between 4.45 eV to 4.95 eV in this scenario, in order to simulate the effect
of different n-type material coupling with CIGS, on the open-circuit voltage. Since Voc
should reflect the maximum achievable Vo for a wide band gap CIGS; solar cell, the result
of the calculation with Model A was also used to validate the new theoretical Voc equation.

A different interface condition, where a defect is present on the window /absorber
interface, was considered in Model B. On the calculation using Model B, in addition to the
)(Window variation, the effect of different interface defect concentrations N; on the open-
circuit voltage was considered in the simulation. The interface defect concentration was
modified between 1 x 10! cm~2 and 1 x 10" cm~2 and acted as an energy trap, which
initiated recombination on the interface. The energy trap at the interface was positioned
in the middle of the quasi-band gap, which was formed by the conduction band of the
window layer and valence band of the absorber layer. Through this second calculation,
the design rule of a window layer in a more realistic condition, where an interface defect is
present, was determined. The parameters used in the simulation for Models A and B were
as shown in Table 1.

Table 1. SCAPS material parameter for window /absorber structure (Models A and B).

Parameter Window Layer CIGS;
d (um) 0.20 3.00
x (eV) variable 4.50
E, (eV) 3.00 1.50
N¢ (cm™3) 2.20 x 1018 2.20 x 1018
v (em™3) 1.80 x 1017 1.80 x 10
the (cm?V—1s™1) 1.00 x 102 1.00 x 102
py (cm?2V-1s71) 0.25 x 107 0.25 x 102
Ny (em™3) — 1.00 x 101
Np (cm™3) 1.00 x 1018 —
Model A =0
N: (em™) Model B = 1.00 x 10'1-1.00 x 107
0, (cm?) Model A =0
¢ Model B = 1.00 x 10~ 1°
o, (cm?) Model A =0

Model B =1.00 x 10~1°
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4. Simulation Results and Analysis
4.1. Maximum Voc and Band Diagram Analysis in Ideal Design Condition

The calculation result using Model A is displayed in Figure 3, where the x-axis is the
xWindow yariable, and the y-axis is the open-circuit voltage. Comparing the calculated val-
ues from the model and theoretical maximum V¢ from Equations (1) and (3), the ideal V¢
from the model was found to be closer to the value calculated by the new theoretical Voc
equation than the conventional equation, as indicated in the figure. The values of the vari-
ables for Equation (3) were taken from the calculation model, where a = 1.00 x 10°ecm™1,
W =0.5um, and L, = 1.5 pm. This result demonstrated the accuracy of the new theoretical
Voc equation in estimating the open-circuit voltage of a heterojunction thin-film solar cell
device. Thus, through the theoretical Voc equation, we determined the maximum limit of
Voc for the CIGS; solar cell. As previously outlined in our equation, the photon absorp-
tion in the depletion region, which includes a portion of the n-type layer and pn-junction
interface, played a significant role in determining the Voc. Therefore, the establishment of
a design rule for the n-type layer, that will result in the optimum performance of the solar
cell, is pertinent.

To further analyse the influence of different n-type materials on the window layer,
two points of interest are marked on the x-axis of each figure. The first point is the x"indow
value that is equal to the )(Abs"rber , 1.e., the energy level of the conduction band of CIGS; or
Ec s, @ notated in the figures. On the other hand, the Epc ¢ point shows x"Vindow value
that is equal to the electron quasi-Fermi level of the CIGS; under illumination. The carrier
concentration of the window layer was high; therefore, the qV4 was almost comparable to
the quasi-Fermi level splitting in this condition, where V4 refers to the diffusion potential.
In Figure 4, an illustration of the band diagrams, showing the two opposite extremes in the
simulation, can be observed. In the conventional homojunction solar cell, the maximum
Vbias that can be applied is limited by V4, which holds the capacitance at the junction. When
AWindow = 4 45 eV, as drawn in Figure 4a, the qVg is larger than the Exc — Epy, referring to
Equation (2), open circuit condition that can be achieved with Vj;,s < V4. However, when
the yWindow - Erceys, as depicted in Figure 4b, the qVq is smaller than the Erc — Egy,
and Vy,5 > V4 will need to be applied to fulfill the condition in Equation (2). In the case of
homojunction solar cells, such condition may limit the solar cell performance.

1.05

13k ]
. WP Q.. 0.0
New V. eq.

1.00

0.98

095 b ettt ;
Conventional V. eq]

Voe (V)

0.93

0.90

i _ 2 ]
ossfl ® Ni=0cm E

0.85 E— E?CIGS .

4.40 4.45 4.50 4.55 4.60 4.65 4.70 4.75 4.80 4.85 4.90 4.95 5.00
Wind
X maow (ev)

FCqigs -
[ I 1 N 1 ]

Window

Figure 3. The effect of x variation on the open-circuit voltage of a CIGS, solar cell with

window /absorber structure and an ideal interface condition (Model A).
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Figure 4. Illustration of the band diagram designs, with (a) x"“indoW — 445¢eV and
(b) xWindow — 495 eV.

Figure 3 also showed that the different xWi"d°W properties in an ideal interface con-

dition have no direct impact on the open-circuit voltage of the heterojunction solar cell.
The value of Voc was constant at 1.02 eV for all values of xVindoW  Thuys, in the case of
xWindow > Fre o design, it can be inferred that another mechanism was sustaining the
capacitance at the junction, when Vj;,5 higher than the diffusion potential V4 that was
applied on the device. A probable cause was deduced by analysing the shift of the energy
level through the band diagrams of several band alignment designs, under the different bi-
asing condition, as shown in Figure 5. The band diagram analysis clarified the mechanism
that allowed the application Vy;,s > V4, which resulted in a high open-circuit voltage,
even for the yWindow Erces design.

In Figure 5, the energy band diagrams of the two different window /absorber designs
were contrasted. On the left-hand side (Figure 5a,c,e,g), the shifts of the the conduction
Ec and valence bands Ey, as well as the quasi-Fermi distribution of the electrons (Epc) and
holes (Egy) of the device with yWindow — 4 45 eV, at various biasing levels under illumina-
tion, were compiled. Whereas, on the right-hand side (Figure 5b,d,f,h), similar parameters
of the XWindOW = 4.95 eV device, in the same biasing levels, were compiled. Figure 4a,b
illustrated the band alignment models of the yWindoW = 4.45 eV and xWindow = 4,95 eV
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designs, respectively. The four biasing conditions under illumination that were chosen
in Figure 5 were the Vi, = 0 V and Vi = 0.82 V, which were equal to the diffusion
potential V4 of the yV"doW = 4.95 eV design, Vs = 0.95 V, which was equal to the initial
quasi-Fermi level difference of both designs and Vi, = 1.02 V, where both devices were
shown to reach the open-circuit condition, as suggested by Figure 3.

As previously mentioned, in the case of a homojunction solar cell, such as Si, the diffu-
sion potential V4 is sustained by the capacitance at the depletion region. The open-circuit
condition was achieved when there was no gradient present at the interface of the current-
contributing carrier quasi-Fermi distribution or, in other words, the electron quasi-Fermi
distribution. Due to the heterogeneous nature of the materials, such an equilibrium condi-
tion may not be achieved at Vi, < Vg4, in the case of heterojunction thin-film solar cells.
In the example given on Figure 5d, biasing levels equal to V4 of the xWindoW = 4.95 eV de-
sign at Vs = 0.82 V were applied to Model A. The V4 = Vi, condition was represented
by the lack of conduction and valence band bending at the junction. On the other hand,
band-bending was observable in Figure 5c, when the same biasing level applied to the
AWindow — 4 45 eV design, since V3 > Vi, for this condition. However, a gradient was
still observable at the electron’s quasi-Fermi distribution, which indicated a current flow,
suggesting the open-circuit condition was yet to be achieved. It was true for both designs,
but unusual in the case of the yV"4°W = 4.95 eV design. Upon the application of higher
Vhias, Spikes and notches were formed on the conduction band and valence band, due to
the majority carriers accumulation on their respective layers at the interface, as depicted
in Figure 5f,h. In the case when Vy,;,; was equal to the conventional theoretical Voc at
Vbias = 0.95 V, the open-circuit condition was not yet reached. The open-circuit condition
was finally obtained when Vi, = 1.02 V. In contrast with Si solar cell, where the bias
voltage was sustained by capacitance at the depletion region, the accumulation of the
majority carriers at the interface enabled heterojunction thin-film solar cell, such as CIGS,,
to achieve higher Vpc than their homojunction counterpart. This finding also underlined
the influence of the interface condition in determining the optimum n-type layer design.

xWindow — 445 ¢V xWindow — 495 eV
2 = T T T T T 2 = T T T T T
15[Ln-Window p-Absorber 15[Ln-Window p-Absorber
1 r Va| =7 ammmmmmmmmmmmmmmmgee
- 05 - osp Y EK-EWI
2 0 @ 0 o .
E -0.5F b E) -0.5 b
< 2
> -1t g -1t E
53 &0
2 &
g 15 g g -15f g
= =
ol ] o ]
-2.5[ — Ec Ery R -25F — Ec Erv R
Y I Erc Ey 1 Y PR Erc Ey ]
_ . . . . . . . . . . . 35 . . . . . . . . . . .
0 005 01 015 02 025 03 035 04 045 05 055 0 005 01 015 02 025 03 035 04 045 05 055
Distance from front contact (pum) Distance from front contact (um)
(a) (b)

Figure 5. Cont.
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Figure 5. The band diagrams under illumination, calculated from Model A for xyWindow — 445 eV
Window

and x = 4.95 eV window designs in various biasing conditions; (a,b) are for Vi, =0V,
(c,d) are for Vi;as = 0.82 'V, (e,f) are for Vs = 0.95 V, and (g h) are for Vi, = 1.02 V.

4.2. The Roles of N-Type Layer in Realistic Design Condition

A similar simulation scenario, applied in Model B, revealed the significance of the
interface condition in establishing a boundary of the appropriate n-type materials that
would be suitable for window layer application. From Figure 6, the general design rule
for a window layer can be inferred that the defect concentration on the interface would
determine the range of acceptable n-type material coupling candidates in CIGS, solar
cell design. The calculation result suggested that to attain high Voc, a broader range
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of alternative n-type material could be allowed in devices with lower interface defect
concentration. In contrast, devices with higher N; would require more precise design work
to theoretically gain the estimated theoretical Voc, due to the limited option in the n-type
material choices.
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Figure 6. The effect of x variation on the open-circuit voltage of a CIGS, solar cell with

window /absorber structure and non-ideal interface condition for various N; value (Model B).

4.2.1. N-Type Layer as Interface Passivation

The relationship between the n-type layer and interface defect can be explained by
considering the phenomenon that occurred in Figure 5, particularly regarding the majority
carriers accumulation upon Vi, = V3. Whereas, the accumulation of the majority carriers
at the pn-junction interface immediately increases the recombination probability. In Model
A, where the interface defect was assumed to be absent, the recombination did not occur,
even in the most extreme case of cliff structure, with the yWindoW = 4,95 eV material design.

However, in the case of the non-ideal interface condition in Model B, the increased
recombination probability, due to the majority carrier accumulation at the interface, played
a significant role in determining the Voc of the solar cell. In this model, the interface defect
acted as an energy trap that triggered the trap-assisted recombination mechanism upon
the accumulation of electrons and holes at the interface. Another variable that affects the
recombination probability is the defect concentration N;. A combination of high carrier
accumulation and high N; will result in the highest recombination probability. Therefore,
the designs that use materials yWindow > yAbsorber gre at 3 disadvantage, compared to
the designs that use low electron affinity materials, since the use of low electron affinity
material for the window layer will reduce the electron accumulation on the conduction
band, as illustrated in Figure 5g. From this point of view, the n-type layer serves as a
passivation layer and the solar cells with the latter design were still able to maintain high
Voc even at very high defect concentration while the devices with high electron affinity
n-type materials were severely impacted by the high Nj;.

4.2.2. N-Type Layer as Selective Electron Contact

From the perspective of the carrier collection, another impact of the n-type layer
material design was considered. In [40], Wiirfel et al. introduced the concept of conductivity
for specific carriers at each contact as the driving source behind charge separation in pn-
junction solar cells, instead of the built-in potential or diffusion potential V4. The front
contact (in this case, the n-type layer) is said to be selective for electrons when the layer
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has high conductivity for electrons and low conductivity for holes. Meanwhile, the back
contact is said to be selective for holes when the layer has high conductivity for holes and
low conductivity for electrons. A selective contact will attract the target carrier and repel
the opposite carrier to avoid recombination prior to carrier collection. As the conductivity
is a product of elemental charge, carrier concentration, and mobility, the only controllable
variable that can be achieved through material design process is the carrier concentration.
Therefore, a large carrier concentration ratio, in favour of the target carriers, which are
electrons in the n-type layer, is essential to design a contact with high selectivity. Up to date,
two types of selectivity models have been proposed by Brendel et al. in [41] and Roe et al.
in [42]. In [43], Rau et al. demonstrated the relationship between contact selectivity and
built-in potential or diffusion potential V4.

In the case of our work, the contact selectivity of the n-type layer was controlled by
adjusting the minority carrier concentration (p) at the interface, through the selection of
appropriate electron affinity for the heterojunction n-type material. As shown in Figure 7,
compared to the low electron affinity material with yWindow —= 445 eV, the V4 for the
device with yVindoW — 4,95 eV was smaller, resulting in pX=+% > px=445_ Assuming the
same majority carrier concentration for the n-type layer, if selectivity S is defined as the
ratio between the majority and minority carriers, then the comparison between the electron
contact selectivity (S;) of these particular designs was SE=H < §X=* In other words,
the n-type layer with lower electron affinity material, with respect to the absorber, served
as a more effective electron contact from the carrier selectivity perspective. The high Voc
was able to be achieved and maintained, even at high interface defect concentration, since
the contact was able to efficiently collect electrons, while repelling holes at the same time.
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Figure 7. Illustration of the diffusion potential V4 effect on the hole concentration at the interface in
devices with (a) low electron affinity and (b) high electron affinity.
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4.3. N-Type Layer Dependence on the Ga- and S-Content in the CIG(SSe), Absorber Layer

As has been expounded up to this point, this study was approached from the per-
spective of CIG(SSe), chalcopyrite material as the absorber layer of a heterojunction solar
cell, especially the wide band gap CIG(SSe), material. An absorber layer with a band
gap close to the ideal single-junction solar cell band gap (i.e., E; = 1.5 eV) was used in
the calculation. However, the findings, regarding the roles and design rules of the n-type
layer, are applicable beyond the particular absorber that was used in the calculation. These
findings are especially important, regarding the CIG(SSe), heterojunction solar cell, con-
sidering the adjustable band gap nature of the material. In this work, it can be argued
that it is theoretically probable to optimise any type of CIG(SSe); solar cells by using the
appropriate n-type material. Such optimisation will also allow a buffer-free design, which
is advantageous from the manufacturing perspective.

In Figure 8, the position of the CIG(SSe), absorber material’s electron affinities, relative
to the vacuum level, were mapped for different Ga and S concentrations, based on the
calculation work performed by Maeda et al. in [44]. The band gaps and electron affinities of
certain absorber materials with various Ga/[Ga + In] and S/[S + Se] ratios, as also marked
in Figure 8, are calculated in Table 2. In both the table and figure, the four interest points
notated are: (A) wide band gap pure-selenide CIGSe; with band gap close to the ideal
single-junction solar cell band gap, (B) wide band gap pure-selenide CIGSe; with band
gap suitable for top cell tandem application, (C) wide band gap pure-sulfide CIGS, with
band gap close to the ideal single-junction solar cell band gap, and (D) wide band gap
pure-sulfide CIGS; with band gap suitable for top cell tandem application.

Table 2. Examples of CIG(SSe), absorber materials with different Ga and S composition, and the
changing electron affinity reference for the n-type layer.

CIGSe; CIGS,
S/[S + Sel =0 S/[S + Sel =1
A B C D
Ga/[Ga + In] 0.7 1.0 0.0 0.4
E, (eV) 1.37 1.65 1.45 1.75
xAPsorber (aV7) 3.83 3.53 3.96 3.74

From the figure and table, it can be understood that the electron affinity significantly
shifted to a lower position with the increase of Ga concentration in the compound. The same
effect can also be observed by the addition of S concentration but at a lower degree. Thus,
from the mapping and our calculation results, it can be understood that the band gap
control, using Ga and S for CIG(SSe);, not only affects the band gap (e.g., resulting in
a wider band gap material) but also the reference point for the electron affinity that is
necessary for the pn-junction optimum coupling design to maintain a high V¢, i.e., an-
type material that has wide optical band gap and electron affinity lower than the absorber’s
reference point to perform as passivation and electron contact layers. Regarding the
CIG(SSe); solar cell, in terms of a single-junction solar cell application, it can be understood
that the ideal x"Vind°W will be in the range of 3.75-3.96 eV, while for the tandem solar cell
application, the ideal V4oV will be in the range of 3.53-3.74 eV.
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Figure 8. Mapping of the CIG(SSe), absorber’s electron affinity, relative to the vacuum level for
various Ga/[Ga + In] and S/[S + Se] ratios.

5. Conclusions

Wide band gap CIG(SSe), has the potential to be a top cell for tandem solar cell
applications. Most of the previous studies focused on Ga-rich, pure-selenide CIGSe;
absorber material, which has high recombination issue. Some works were done on pure-
sulfide CIGS; absorber material. In those works, a similar technique and n-type material
pairing, conventionally applied for narrow-band gap CIGSe; solar cells, was assumed.
Based on the literature reviews, experimental results showed that an alternative n-type
material is needed to achieve high-efficiency wide band gap CIGS,.

In this work, we derived a new generation-dependent theoretical Voc equation for
heterojunction thin-film solar cells. This new equation emphasised the role of the depletion
region in determining the attainable V¢ for a particular solar cell design. Through the
equation, we got an accurate approximation to the highest V¢ limit for our CIGS; solar cell
design. Since the n-type layers and junction interface are crucial aspects of the depletion
region, in the next part of the paper, we investigated the particular roles and design rules
of the n-type layers (i.e., the window and buffer layers) of a typical wide band gap CIGS,
solar cell. The design rules can be ascertained, with the utmost confidence, by using the
accurate Vpoc estimation, calculated through the theoretical Voc equation.

An absorber layer, with a band gap close to the ideal single-junction solar cell, was
considered in the calculation. In such a case, based on the window /absorber struc-
ture, we observed that the theoretical Voc was attainable in all simulated conditions
(xWindow — 4 454 95 eV) when the interface was in an ideal condition, i.e., low-defect con-
dition. However, in the more realistic device conditions, where interface defect was present,
the n-type material design had a crucial role in determining the attainable V¢ for each
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device. Based on the calculation, an n-type material with low electron affinity, respective
to the absorber layer, is preferable for the buffer-free CIGS; solar cell application. This
result demonstrated that the n-type layer performs both interface passivating and selective
electron contact functions. By considering these perspectives, and adopting n-type material
with the appropriate electron affinity in the material design process, high Vo is attainable,
even at high interface defect concentration conditions.
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