Made available by Hasselt University Library in https://documentserver.uhasselt.be

Addressing the impact of rear surface passivation mechanisms on
ultra-thin Cu(In,Ga)Se-2 solar cell performances using SCAPS 1-D model

Peer-reviewed author version

Kotipalli, Ratan; Poncelet, Olivier; Li, Guoli; Zeng, Y.; Francis, L. A.; VERMANG, Bart
& Flandre, Denis (2017) Addressing the impact of rear surface passivation
mechanisms on ultra-thin Cu(In,Ga)Se-2 solar cell performances using SCAPS 1-D
model. In: SOLAR ENERGY, 157, p. 603-613.

DOI: 10.1016/j.solener.2017.08.055
Handle: http://hdl.handle.net/1942/26356



Addressing the impact of rear surface passivation mechanisms on ultra-thin

Cu(In,Ga)Se; solar cell performances using SCAPS 1-D model
R. Kotipallit, O. Poncelet!, G. Li'?, Y. Zeng?, L.A. Francis!, B. Vermang®*and D. Flandre!

1ICTEAM, Université catholique de Louvain, Louvain-la-Neuve, 1348, Belgium
2School of Physics and Electronics, Hunan University, Changsha, 410082, China
: Faculty of Engineering Technology, University of Hasselt, Hasselt, 3500, Belgium
4 IMEC, Kapeldreef 75, Leuven, 3001, Belgium

Abstract

We present a (1-D) SCAPS device model to address the following: (i) the surface passivation mechanisms (i.e. field-effect and
chemical), (ii) their impact on the CIGS solar cell performance for varying CIGS absorber thickness, (iii) the importance of
fixed charge type (+/-) and densities of fixed and interface trap charges, and (iv) the reasons for discrete gains in the
experimental cell efficiencies (previously reported) for varying CIGS absorber thickness. First, to obtain a reliable device
model, the proposed set of parameters is validated for both field-effect (due to fixed charges) and chemical passivation (due to
interface traps) using a simple M-I-S test structure and experimentally extracted values (previously reported) into the SCAPS
simulator. Next, we provide figures of merits without any significant loss in the solar cell performances for minimum net —Qs
and maximum acceptable limit for Dy, found to be ~5x10%? cm?2 and ~1x10® cm2eV! respectively. We next show that the
influence of negative fixed charges in the rear passivation layer (i.e. field-effect passivation) is more predominant than that of
the positive fixed charges (i.e. counter-field effect) especially while considering ultra-thin (< 0.5 um) absorber layers.
Furthermore, we show the importance of rear reflectance on the short-circuit photocurrent densities while scaling down the
CIGS absorber layers below 0.5 um under interface chemical and field-effect passivation mechanisms. Finally, we provide the
optimal rear passivation layer parameters for efficiencies greater than 20% with ultra-thin CIGS absorber thickness (< 0.5 pm).
Based on these simulation results, we confirm that a negatively charged rear surface passivation with nano-point contact
approach is efficient for the enhancement of cell performances, especially while scaling down the absorber thickness below
0.5 um.

1. Introduction:

Thin-film (TF) solar cells have the potential for low-cost and large-scale photovoltaic deployment [1,2]. Most recently, Centre
for Solar Energy and Hydrogen Research Baden-Wiirttemberg (ZSW-Germany) achieved impressive small-area (0.5 cm?) cell
efficiencies (n) of 22.6%, surpassing the previous world record of 22.3% set by the Japanese Cu(In,Ga)Se, (CIGS) producer
Solar Frontier [3,4]. On the other hand, this is a level not yet surpassed by any other thin-film or multi-crystalline silicon
technology [5]. However, the large-area world record of CIGS module lies at 17.5 %, which is below the average 21.1%
traditional photovoltaics (PV) modules [6]. In terms of manufacturing costs, CIGS modules can be developed for around
$0.40-0.50/W,, and the global annual production capacity currently stands at 2 GW. However, it is widely expected that CIGS
TF PV production costs can be brought down to $0.25-0.30/W,, and the module efficiency can be brought up to around 18%
[7.,8].

Current approaches and future priorities within CIGS research is focused on: (i) interface passivation (i.e. to reduce electronic
recombination), (ii) absorber thickness-reduction (i.e. to reduce material usage), and (iii) highly reflective rear-surface (for
enhanced rear-reflection). These approaches involve novel methods to passivate the front and rear surfaces of the CIGS
absorber films by implementing (a) alkali post-deposition treatments to passivate the front CdS/CIGS interface defects
[3,9,10], (ii) front and rear surface passivation using gallium grading schemes (i.e. by introducing conduction band-gap
widening effects) within the CIGS absorbers [11-18,] and (c) electrical passivation of the CIGS/Mo-interface using a
dielectric layer with point-contact approach [19-22].

Amongst these approaches, gallium-grading schemes are the most commonly employed techniques within the CIGS PV
community. Depending on the Ga grading concentration and profile, one can create and alter the built-in electric (E) field
within the bulk of CIGS TF devices. The electric-field creation/modification is mainly attributed to the reformed position
(relative) of the conduction-band edge with respect to the vacuum level (i.e. bandgap engineering) [11-14]. In principle, it is
possible to implement effective E-fields by tailoring either the bandgap and/or the doping profiles within the absorber films
[11,12]. In the former case, i.e. in the case of bandgap engineering towards the rear (CIGS/Mo back- contact), one can create
an up-stream (shielding-barrier) for the minority carriers (electrons) not to be recombined at the surfaces (i.e. reducing the
surface recombination rate at the CIGS/Mo-interface). This grading scheme and surface passivation methodology has proven
to be successful for standard thickness (2-3 um) CIGS absorber layers [18].

Next, the concept of rear-surface passivation using a dielectric layer with the point-contact approach is based on the c-Si
passivated emitter rear cell (PERC) technology with efficiencies above 25% [23-26]. The commonly employed dielectric
passivation layers include thermally grown silicon dioxide (SiO2), plasma-enhanced chemical vapor deposited (PECVD)
silicon dioxide (SiOy), and silicon nitride (SiNx) [27]. However, in recent years, amorphous aluminum oxide (Al>Os) deposited
by industrial Atomic-layer-deposited (ALD) reactors (batch, spatial, or roll-to-roll) have emerged as an excellent rear surface
passivation material for p-type PERC cell technologies [28,29]. This is principally due to the presence of a high density of



negative fixed charges (—Qf~10'%-10% cm™2) in combination with low interface states (Di; ~ 10*-10'2 eV cm™), resulting in
overall Surface Recombination Velocities (SRV) < 5 cm/s on high-quality p-type monocrystalline silicon surfaces [27-29].
Owing to these capabilities on p-type surfaces, it has previously been seen that introducing ALD-AIl,O3 surface passivation
layer at the rear CIGS/Mo-interface can significantly improve cell efficiency, i.e. by more than 4.5% (abs.) [19]. Additionally,
the rear surface recombination rate has been qualitatively addressed in Ref. 7 by means of photoluminescence (PL)
measurements, where an elevated PL intensity by one order of magnitude was seen for passivated CIGS absorbers compared
to unpassivated absorbers (i.e. no Al,O3 passivation layer) [30]. Such an improvement in cell performance can be attributed to
(i) reduced recombination at the CIGS/Mo-back contact (i.e. effective chemical and field-effect passivation) and (ii) increased
carrier collection probability at the space-charge-region due to drift-assisted effective minority carrier diffusion length
enhancement. Additionally, Ref [31] shows in-depth electrical characterization results on metal-insulator-semiconductor (M-1-
S) structures consisting of Al/Al,Os/CIGS/Mo, providing a comprehensive picture on the involved, dominant passivation
mechanism, and quantifying the surface passivation quality. On the other hand, in [32], positive fixed charge dielectric layer
grown by ALD-SiO; has been successfully integrated into the CIGS, demonstrating improved short-circuit current densities
due to strongly enhanced light reflecting rear patterns.

CIGS absorbers have a typical thickness of about 2-3 um. However, on the way towards mass production, it is necessary to
further reduce the thickness. The main reasons are related to material costs, the fact that indium and gallium resources are
limited, and because of the need to cut the process duration in order to achieve a higher production throughput [33]. However,
reducing the CIGS absorber thickness will significantly affect the short-circuit current density (Jsc) due to insufficient long
wavelength light absorption [32, 33]. In [22], it is shown that by introducing a thin layer of Al,O; films in combination with
Mo nano-particles (NPs) as local rear contacts as opposed to the standard Mo-rear contacts can increase the rear internal
reflection (Rp) due to angular scattering, thereby improving the absorption of infrared (IR) photons. Such light management
techniques are necessary to scatter the photons and provide a second chance in contributing to the electron-hole pair
generation, thereby improving the overall J.. Additionally, the negatively charged Al,O3 at the CIGS/Mo interface will induce
an E-drift field that will assist the minority carriers towards CdS/CIGS junction, thus improving the overall current collection
probability [19,22].

Hence, as a future objective, the ideal approach is to reduce the CIGS absorber layer thickness with the cost advantages of
reduced material consumption while maintaining or even boosting the current state-of-the-art lab-scale efficiencies with the
following features: (i) reduced bulk recombination (CIGS thickness reduction), (ii) reduced CIGS/Mo rear interface
recombination (surface passivation), and (iii) enhanced light confinement (nanostructured rear contacts). Towards that end, to
better understand, quantify, and comment on the importance of the above rear passivation concept, there exists a need for
simple predictive simulation model that can address the following factors: (i) the influence of chosen rear passivation layer
fixed charge type (+/—Qr) and their densities on the solar cell performance, (ii) passivation mechanisms existing at the rear-
passivated layer/CIGS interface and their impact on the CIGS thickness variations, (iii) the importance of rear reflection (Rp)
while reducing the absorber thickness, (iv) the reasons for discrete gains obtained in the experimental cell efficiencies for
different CIGS thicknesses [19-22], and (v) finally, to generalize and propose target “golden parameters” to achieve cell
efficiencies > 20% using ultra-thin (0.4—0.5 um) absorber layers. Therefore, a simplified numerical device model addressing
the rear surface passivation effects in CIGS solar cells will allow the TF-PV community to attain a better understanding of the
underlying dominant mechanisms on the solar cell performance, to assess experimental (previously reported) cell results, and
to further optimize the CIGS solar cell performance. In this paper, we propose and validate a 1-dimensional (D) predictive
simulation model to address the rear surface “opto-electronic” effects on CIGS solar cell performances for varying absorber
thickness. From the obtained simulation results, we will discuss various device physics concepts that govern the overall cell
performances, especially while scaling down the CIGS absorber thickness. Moreover, the proposed simulation model can be
generalized to other TF PV technologies (e.g. CZTS, CdTe) that are provided with proper baseline material properties of the
respective films.

2. The Solar Cell Device Model:

All our solar cell structure simulations were performed using 1-Dimension Solar Cell Capacitance Simulator (SCAPS 3.2)
thin-film simulation software, under AM 1.5 solar spectrum at 100 mW/cm? for J-V characteristics. Cell parameters (namely
Vo, Jsc, and m) for rear-passivated (RP) and un-passivated (UP) CIGS cells were extracted for varying CIGS thickness and
opto-electronic parameters. Next, to realize the rear-passivated CIGS cell structure as well as simultaneously sustain the
electrical contacts (between CIGS/Mo) in such 1-D simulation environment, we have introduced an ultra-thin (2 nm) layer
(here onward notated as RP-layer), sandwiched in between the actual CIGS absorbing layer and the Mo-back contact. The RP-
layer possesses similar baseline properties as the actual CIGS-absorber layer (for contact purpose) with experimentally
extracted passivation properties (i.e. Qrand Di) [31]. Next, implementing fixed charge type (+/-) in the RP-layer are achieved
by introducing a uniform distribution of single-donor (i.e. for +Qs) or single-acceptor (i.e. for —Qx) in the bulk of the RP-layers
respectively. Then the Dj insertions into the model are realized by donor-type Gaussian defect distribution at the CIGS/RP-
interface. The recombination rate in defects also depends on the capture cross-section and on the thermal velocity. We have
assumed a capture cross section of 1076 cm™2 for neutral traps [35]. The thickness of the RP-layer has been kept at minimum
(2nm) in order to avoid additional photo-response (since this layer possesses CIGS baseline properties). Furthermore, the Ga-
grading in the absorbers (both in the CIGS and RP-layers) are kept uniform to avoid complementary passivation effects.
Tunneling at contacts is not implemented in our SCAPS simulation model. Additionally, we have simulated the conventional
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solar cell structures (i.e. CIGS/Mo interface without any RP-layer) for reference. A rear contact barrier height of 0.27eV is
chosen for solar cell structures between the RP/rear-metal contacts. The absorption coefficient of CIGS is kept constant at 10°
cmt in all our simulations. Lastly, we have chosen very high quality of absorber layer with lower deep-bulk defects within the
CIGS, in order to clearly discriminate the gains due to chemical and field-effect passivation. Table.1 provides the baseline
parameters of each layer used in our simulation model [20,35-37].

Table.1: Baseline parameters used for modeling CIGS solar cells.

Parameter RP-layer CIGS ove Cds i-ZnO ZnO: Al
W (nm) 2 Variable 30iskpt 50 200 400
ERICY) 1.15 115 13 24 33 33

) 45 45 45 4.45 455 455
i 136 136 136 10 9 9

O em ) 22x10%8 22x10%8 22x10%8 13x 108 3.1x108 3x10%8

oy em ) 15x 101 15x 101 15x 108 9.1x10%8 1.8 x 101 18x10%°

Vi (emis) 39x10" 3.9x 107 39x10" 3.1x10" 24x10" 24x10"

Vh (cm/s) 14x10" 14x10" 14x10 16x10 13x10’ 13x10’
em?ivs) 100 100 10 72 100 100

L emPvs) 125 125 1.25 20 31 3
Doping (cm3) Solar cell: 5 x 10%(a) 16 13 17 17 19
M-1-S: 5 x 109(a) 5x107"(a) 1.25 x10™" (a) 5x107" (d) 1x107" (d) 5x1077 (d)
Interface properties
CIGS/OVC OVC/CdS

AL (eV) 0.0 0.05

N (cm?) 10T (N) 3x108(N)
Oy (em?) 1015 10°%5
Op (cm?) 101 101

Bulk defect properties

N (cm ) 10 () 10 () 101 5+ 101%(a) 10'% (&) 10'% (a)

O (em?) 1013 1013 10" 1013 1013 1013

I em?) 10 ! 10 1 5x10 13 5x10 13 5x10 13 5x10 13

(a) and (d) denote shallow acceptor and donor defect while (A), (D), and (N) denote deep acceptor, donor, and neutral defects, OVC:
Ordered Vacancy Compound.

Nomenclature:

AT100: Conduction band offset

Eq: Band gap

[/Cg: Relative permittivity

W: Layer thickness

¥ Affinity

ue, ph; electron and hole mobility

Ve, V- Velocity of electrons and holes

Eg (eV): band gap Energy

N¢, Ny: Effective density of states in conduction and valence bands
g, oh; Capture cross-section of electrons and holes

3 Results and Discussion:



In section 3.1, we validate the proposed simulation model for surface passivation effects (i.e. Qr and Dj) on CIGS absorber
layer using a simplified M-I-S structure. Next, using complete solar cell structure model, in sections 3.2-3.6, we discuss the
influence of type (—/+), the magnitude of Qr, Dy, and Ry and their impact on the solar cell performances for varying absorber
layer thickness. Finally, in section 3.7, we discuss the results of optimizing the RP-layer to achieve efficiencies > 20% with
ultra-thin CIGS absorber thickness. For the sake of clarity, only results with most significant J-V parameter trends are shown
and discussed in the following sections (missing J-V parameter plots are provided in supplementary data file).

3.1 RP-layer implementation and model validation:

Prior to the simulation of complete solar cell structures, the proposed simulation model is validated for proper implementation
of the RP-layer passivation effects (i.e. Qrand Dit). For this purpose, we have studied the influence of Qr and Dj; on the CIGS
absorber using a simplified M-I1-S capacitor structure [27,31,38]. The M-I-S structure consists of an aluminum front-contact
gate with a metal work function of 4.15eV, insulating dielectric passivation (P)-layer which possesses CIGS baseline
properties with a lower acceptor doping concentration, 1um thick CIGS absorber, and Mo-back contact with a metal work
function of 4.6eV [31]. Capacitance-voltage (C-V) characteristics are generated for 10kHz a.c signal frequency under dark
conditions, with varying densities of —Qr and Dj; (in the P-layer). Fig.1 (a) represents the simulated C-V characteristics at 10
kHz for a negative fixed charge insulator on CIGS using M-I-S capacitor with a fixed Di of 1x10'2 cm? eV (i.e. at the
passivation-layer/CIGS interface) and varying —Qs (i.e. uniform acceptor-type defect distribution in the bulk of RP-layer). It is
observed that the flat-band voltage of the C-V curves shift towards positive gate voltages, with increasing acceptor type defect
density (i.e. —Qys) in the bulk of the RP-layer, meaning that the negative fixed charges in the SCAPS-layer was effectively
implemented (i.e. the field-effect passivation)[27,31,38]. Next, Fig. 1(b) shows the C-V characteristics at 1kHz for varying
interface trap charge densities (Di) with a constant experimentally extracted Qf = —8x10' cm?[31]. This has been
accomplished by varying the defect density at the CIGS/RP—interface. From the obtained normalized C-V characteristics, we
observed the contribution of interface trap charge capacitance (Ci) in the inversion voltage regime (i.e. between -5V to +5V)
with increasing Dy, indicating that the SCAPS-model accommodates well the chemical passivation effect [27,38]. Sufficiently
large front and rear surface recombination velocities (SRV) of 107 cm/s at the metal contacts were chosen in order to clearly
discriminate the impact of —Qrand +Qs passivation effects (i.e. not to duplicate the effect of rear surface recombination).
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Fig.1 Simulated Capacitance-Voltage (C-V) characteristics of the M-I-S structure (Al-gate/P-layer/CIGS/Mo). This is
performed to validate the passivation effects of the RP-layer on the CIGS absorber layers, by analyzing the following: (a) the
influence of field effect passivation due to —Qr (cm?) and (b) chemical passivation at the CIGS/RP-interface due to D (eV*
cm?)

3.2 Influence of —Qr and CIGS absorber thickness on J-V parameters:

Here, we introduce the —Qr in the bulk of RP-layer using device structures comprising of ZnO:Al/i-ZnO/CdS/CIGS/RP-
layer/Mo-back contact. Next, solar cell performances are simulated for a fixed D= 1x10'2 cm? eV"! (i.e. mean values from ref
[31]) as a function of —Qr and CIGS absorber layer thickness and the resulting V., Jsc and efficiency plots are shown in Fig. 2
(a—c). From these results, for —Qr > 5x10'?cm? we observed improvements in both V, Jsc and eventually a significant gain in
the cell efficiencies especially for thinner regimes (i.e. 0.4-0.6 um) of the absorber layers, compared against upassivated
reference case (presuming -Qf =1x10%m?) for similar thickness range. Such gains in cell performance can be explained,
thanks to the presence of negative fixed charges in the RP-layer, where the rear surface recombination velocity (Sp) of the
CIGS rear surface can be reduced from 1x107 cm/s to 1x10? cm/s [39]. Such a reduction in rear S, at the CIGS/-Qf. RP-



layer/Mo-contact was explained using interface energy band bandings as shown in Fig 3(a)[40].
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Fig.2: Simulated J-V parameters of a negatively charged RP CIGS solar cell; (a) open-circuit voltage (b) short-circuit current
density, and (c) overall conversion cell efficiency as a function of CIGS absorber thickness, negative fixed charge densities in
the RP-layer and with a constant R, = 70% and R=10%
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Fig.3: Energy band bending schematic at the rear CIGS/RP-layer/Mo interface: (a) accumulation condition (field-effect)
formed due to —Qs in the RP-layer, (b) Inversion condition (counter-field effect) formed due to +Qs in the RP-layer

The negative fixed charges in the RP-layer shield the minority carriers (here electrons) from being recombined with the
interface traps [27—-31]. The negative charges build an internal electric field that repels the minority carriers away from this
trap-rich CIGS/Mo-interface [27,31]. The energy band bending shows a pile-up behavior, suggesting a majority carrier
accumulation (in this context, holes), and creates an uphill for the conduction band minority carriers from being recombined,
thereby reducing the rear Sp [28]. Under such low S, conditions, if the CIGS absorber layer thickness (e.g. < 0.5um) becomes
less than or comparable to the bulk diffusion length (L¢= 0.5 pm) of the minority carriers, there will be a significant gain in Vo
due to considerable enhancement in the effective diffusion length (i.e. due to additional drift field) [18]. Contrarily, for thicker
(> 1um) CIGS absorber layers, the influence of lower Sy is less significant, thus limiting the gain in V. Another advantage in
reducing the thickness of the CIGS absorber leads to a reduction in the bulk defects, and thereby an improvement in the overall
recombination losses. Next, Fig 2(b) also shows a significant gain in Js for lower (~0.5 um) thickness, which can be explained
by the fact that, in thick absorber films, fewer carriers are generated deep into the CIGS absorber layers that have reduced
collection probability at the space charge region (SCR). However, for thinner absorber layers, the minority carriers generated
beyond the SCR will be drifted towards the SCR thanks to the additional drift electric field (Eait) induced by the high density
of —Qr in the RP-layer. However, on the other hand, reduced quasi-neutral regions (QNR) for extremely thin CIGS absorbers
(~0.25 pm) will lead to increased diode-quality factors and thus to reduced FF and efficiencies. Finally, Fig 2 (c) represents the
significant gains in the cell efficiencies, especially for thinner CIGS absorber thickness (< 0.5 pm) due to gains in both V.
(due to reduced rear surface recombination at the CIGS/Mo back contact) in combination with Jsc (due to enhanced collection
probability at the SCR)[18].



3.3 Influence of +Qr and CIGS absorber thickness on J-V parameters:

Fig.4 (a,b) present the generated cell parameter results for +Qs within the RP-layer of the CIGS solar cell. Interestingly, we
observed contrary trends in the simulated cell parameters, especially for thinner absorber thickness regimes (0.4-0.6 um)
compared to the —Qs case. The determinant factors that are influencing the V. and Jsc evolutions can be explained as follows:
positive fixed charges in the RP layer will attract minority carriers (here electrons) towards the CIGS/RP-interface and may
recombine at the highly recombinative rear contact openings (Note: in our simulations a rear metal contact S, of 107 cm/s is
considered at the RP/rear-metal contact interface and the RP-layer possesses CIGS-like properties to ensure electrical contact).
The minority carrier surface concentration (ns) increases with increasing +Qr in the RP-layer. For moderate +Q¢ (i.e. from 10%°
to 101 cm?), moderate densities of electrons are accumulated at the CIGS/RP surface, thereby also a moderate level of
recombination occurs at the RP/rear-metal contact. Thus for any given absorber thickness, the decrease in Vo is less
pronounced within this range of +Qs [27,38]. On the other hand, for higher (>10'! cm™) +Q in the RP-layer an inversion layer
(large concentration of electrons) is formed at the CIGS/RP-surface. This conducting inversion layer (n-type) is separated from
the p-type CIGS by a depletion layer [27]. Under such high electron concentrations at the CIGS/RP-surface, the electrons will
have free access to the recombination (R) centers (i.e. interface traps) located at the rear-metal contact [41,42]. Moreover, the
band bending at the CIGS/RP-layer interface will create a downhill for the electrons to be easily recombined at the rear-
interface traps [27,31,38]. Fig.3 (b) shows the energy band bendings for +Qs charges within the RP-layer. The bands are bent
down and the magnitude of band bending depends on the intensity of +Q within the RP-layer, thereby surface depletion
and/or inversion modes are formed at the CIGS/RP-layer interface. The detrimental effect of high +Qr in the RP layer can be
largely reduced if the rear Sy, at the RP/rear-metal contact interface is reduced down to 102 cm/s (i.e. reduced R-centers for free
electrons). Very high +Qf (>5x10'2cm™) exhibits strong detrimental effect due to “counter-field effect passivation”
mechanism, where the minority carriers (electrons) are accumulated at the CIGS rear surface, thereby creating a parasitic
pseudo PN-junction with a built-in potential (Vi rear), Which is placed opposite to the main CdS/CIGS junction (Vy;_front), and
hence, there is an overall loss in the cells Voc= (Vbi_fron— Vbi_rear)-

Next, it is interesting to discuss the impact of high +Qs (>5x10'2cm™) within the RP-layer and its impact on the CIGS absorber
thickness. For this purposes, we have considered two distinct CIGS thickness regimes for discussions;

(i) For ultra-thin CIGS thickness (< 0.4 pm), a downward band bending exists at CIGS/+Qs :RP-layer/Mo interface and this is
compensated by an upward band bending at CdS/CIGS interface, thereby a linear downhill band profile being formed within
the QNR region with a slope (Sgnr). The Sonr within the QNR dictates the counter Eqrire field-strength pointing towards the
CdS/CIGS- front junction and the resulting minority carrier concentration (i.e. increased recombination rate) at the CIGS/Mo-
interface with high SRV ~107 cm/s (please see Fig.3b). Therefore, we can describe Song as a dependent function of +Qs
(proportional) and CIGS thickness (inversely proportional) and will determine the losses in Vo (i.e. larger Sonr Will result in
higher Vo losses and vice versa for lower Song).

(ii) On the other hand, for CIGS thickness in the range of 0.4 um -0.6 um the Sonr is slightly relaxed (i.e. reduced downhill
slope) with increasing absorber thickness, thereby an overall improvement in cell efficiencies compared against thinner < 0.4
um absorber layers. Nevertheless, the front CdS/CIGS junction space charge region (SCR~ 200-300 nm) being closer to the
highly recombinative CIGS/Mo- interface, thereby resulting in noticeable Vo and cell efficiencies losses.
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Fig.4: Simulated J-V parameters of a positively charged rear-passivated CIGS solar cell; (a) open-circuit voltage, and (b)
overall conversion cell efficiency as a function of CIGS absorber thickness, positive fixed charge densities within the RP-layer
and with a constant R, = 70% and R=10%.

3.4 Importance of rear-reflection in ultra-thin CIGS solar cells:

Ultra-thin (< 500 nm) CIGS solar cells with no rear-reflection have rather low conversion efficiency due to poor quantum
efficiency in the infrared part of the solar spectrum (i.e. a lower absorption of the material in this spectral range). By increasing
the light path in the absorber, this drawback can be avoided. These effects can be obtained by introducing excellent rear
reflecting structures [32,34,43,45]. Therefore, a major part of the light that is not absorbed into the CIGS layer during the first
passage is reflected back into the absorber during the second time (and possibly during the following times), increasing



significantly the probability for photons to be absorbed (light path enhancement). Consequently, the energy conversion
efficiency of the device improves due to enhancement in the Js.. Hence, in this section, we will analyze the impact of rear
reflection on the CIGS absorber thickness for a reduced rear interface recombination by implementing —Qs passivation effects
in the RP-layer. From Fig. 5(a), for CIGS absorber thickness (W) of 0.25 um, very low Ji values are obtained, and these
effects can be explained using the following involved mechanisms: (i) the optical loss related to insufficient absorption
capacity of the CIGS absorber layer, (ii) recombination at the front CdS/CIGS interface (Note: we have optimized the rear
interface recombination velocity Sy < 100 cm/s by introducing —Qrin the RP-layer), and (iii) recombination in the space charge
region (SCR). An SCR width (d) in the range of 0.2-0.25 pm was generally reported in literature for ungraded CIGS
absorbers, and it has a significant effect on the carrier collection, especially while scaling the CIGS absorber thickness closer
to the SCR widths (d = W). In principle, the electric field within the SCR ensures efficient collection of photo-generated
carriers in the SCR as well as the charge reaching the SCR by the diffusion component from the neutral part (i.e. outside the
SCR) of the CIGS [44]. Thinning the CIGS layer reduces the current density Js, primarily, because of the removal of the
photocurrent diffusion component (i.e. loss of photocurrent contribution outside the SCR). However, improvements in J, (Fig.
5a) and cell efficiencies (Fig. 5b) are expected to increase (even for Ry~70%) by choosing slightly thicker CIGS absorber (i.c.
W > d). For CIGS absorber thickness in the range of 0.4—-0.6 pm, we see a noticeable gain in the Ji due to additional neutral-
region photocurrent diffusion component and improved rear Sy, and Ry, components. Indeed, ref’s [19,21,22] showed improved
long-wavelength EQE response and Jsc gains of 3.4 mA/cm? due to improved rear photon scattering effects compared to a
standard back contact (Ry < 50%) for ultra-thin 380 nm CIGS thickness. These results agree very well with our simulation
model trends as shown in Fig 5(a). Finally, the influence of rear Ry, becomes less significant for thick absorbers (i.e. beyond
0.8 um), since most of the light will be absorbed by the CIGS layer [44].
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Fig.5: Simulated (a) short-circuit current density and (b) solar cell efficiency as a function of rear interface reflection and
CIGS absorber thickness and for a constant —Q¢= 8 x 10*cm? within the RP-layer.

3.5 Impact of chemical passivation (Dit) under strong field-effect passivation:

From section 3.3, it is clear that +Qr charges within the RP-layer were found to be detrimental to the solar cell performance,
especially for ultra-thin CIGS absorber layers. Hence, to better understand the influence of rear interface trap density effects
on the cell performance, in this section, we have considered —Qr within the RP-layer. A typical value of —Qs within the RP-
layer was taken from previously reported experimental values and kept constant at 8x10*2 cm, while the Di; and CIGS
absorber thickness are varied during the simulations [31]. Fig. 6 (a,b) shows the resulting V¢ and the corresponding efficiency
plots. From these results, we clearly observe that the influence of Di: is almost independent of absorber thickness for interface
trap densities < 5x10%%eV-'cm2. However, a noticeable impact on Vo and cell efficiencies is observed for Dj; >5x10%%eV-1cm™
and these effects are predominant only for ultra-thin regimes (<0.4 um) of absorber layers compared to the thicker ones. This
phenomenon can once again be explained due to the front SCR (of the CdS/CIGS junction) being closer to the highly
recombinative rear trap-rich interface [45]. Although, —Qr in the RP-layer may compensate for the recombination process to
some extent: thanks to the built-in electric field, the net concentration of minority carriers (ns) at the CIGS surface will be
reduced, thereby satisfying one of the requirements to reduce the surface recombination velocity (Sp), according to the
Shockley—Read—Hall formalism [41,42,45]. However, another major requirement to lower the Sy, is to reduce the rear Dj; at the
CIGS/RP-layer interface for an optimal cell performance. Hence, the effective Sy at the rear CIGS/RP-interface can be
considered as a trade-off between the field-induced passivation (due to —Qr) and interface chemical passivation (due to D).
However, when the magnitude of Dy becomes sufficiently larger (> 5x10'? eV-! cm™), we observe the Sy reduction due to the
field-effect passivation gets less significant, and eventually starts affecting the solar cell performance (mainly a loss in the V)
due to increased interface trap recombination. In ref [31], we have shown experimentally extracted Dj values of (8.1-15.0)
x10'" eV-! cm? for negatively charged ALO-layer with a —Qr value of 8x10'? cm2. The resulting Vo for uniformly graded 0.4
pum —thick CIGS solar cells demonstrated Voc’s in range 633—649 mV, which agrees well with the V. trends obtained using
our simulation model for the similar value of —Qr and D;; within the RP-layer (see Fig 6a).
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Fig.6: Simulated CIGS solar cell parameters; (a) open-circuit voltage and (b) cell efficiency as a function of rear interface
trap densities and CIGS absorber thickness, with a constant fixed negative charge of 8x10*2 cm within the RP-layer for a
constant R,=70% and R=10%.

3.6 Influence of chemical passivation without strong field-effect passivation:

In section 3.5, we have discussed the impact of chemical passivation (Di) under strong field-effect (-Qf ~8x10'? cm?)
conditions. However, it is worth to study the impact of chemical passivation solely on the absorber thickness and resulting J-V
parameters. To achieve this, we have reduced the —Qs density from 8x10'2 cm? to 1x10%cm (i.e. almost no field-effect
passivation), where the Dj densities were varied from 1x10% to 1x10% eV-1.cm for a constant R,=70% and R=10%. From
Fig. 7 (a,b) we can clearly observe that for a given absorber thickness, the impact of chemical passivation is almost
independent on the D;; level. However, for extremely thin absorber regimes (0.25-0.4 um) there exists a small loss in Vqc and
cell efficiencies for thinner absorber layers compared to thicker ones, especially for Di; > 5x10%? eV-lcm. By comparing Fig.7
(a,b) and Fig.6 (a,b), conclusion can be drawn that for Di; <5x10%? eV-lcm field-effect passivation dominates the chemical
passivation for wide range of absorber thickness. However, for extremely larger Dt >5x10'2 eV-*cm very small effect on the

cell performance losses can be seen.
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Fig.7: Simulated CIGS solar cell parameters; (a) open-circuit voltage and (b) cell efficiency as a function of rear interface
trap densities and CIGS absorber thickness, with a constant fixed negative charge of 1x108 cm2 within the RP-layer for a
constant R,=70% and R=10%.
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3.7 Influence of field-effect passivation without chemical passivation:

In this section we will see the impact of field-effect passivation strength versus the absorber thickness excluding the
detrimental effects of traps at the CIGS/RP-interface. To realize this model, we have fixed the Di to 1x108 eV-icm? (i.e. an
excellent chemical passivation), where the —Qf density in the RP-layer is varied from 1x10%° to 1x10% ¢m? for constant
Ry=70% and R#=10%. Unlike the previous sections, where we have discussed in detail the significance of —Qf on Vo and Jsc
parameters for varying absorber thickness and the underlying physics, in this section, we will focus on the net gains in cell
efficiencies for different field-effect passivation strengths (i.e. —Qr densities) versus CIGS thickness. Fig.8 shows the obtained



gains in cell efficiency solely due to field-effect passivation without any negative effects of interface traps (Di). From these
results, it is clear that —-Qr >5x10'% cm2 is required in order to achieve reasonable cell efficiencies especially for ultra-thin (0.4-
0.6um) CIGS absorbers. These results also demonstrate the fact that field-effect passivation gets less pronounced with
increasing absorber thickness. Next, less noticeable gains in cell efficiencies were observed for —Qs below 1x10%?cm2 and it
even gets worse (<1% gain) for thicker (>0.75 pm) absorber layers.
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Fig.8: Absolute gain in cell efficiencies [estimated from the difference between; case (i) varying field-effect passivation (i.e. —
Qr from 1x10%%m2to 1x10**cm?) and with constant, excellent chemical passivation (Di=1x10%V-'cm) and case (ii) excellent
chemical passivation (Di=1x10%V-'cm2) with no field-effect passivation (-Qr=1x108 cm2)] solely due to field-effect
passivation strengths as a function of CIGS thickness for constant Di=1x10%V-'cm™, Ri=10% and R,=70%

3.8 Experiments versus proposed model:

In sections 3.2, 3.4, and 3.5 we have discussed general trends in CIGS solar cell parameters and the involved mechanisms
related to the rear passivation. In this section, we will focus our discussions on the discrete gains (absolute) in Vo, Js, and 1
using our simulation model in order to highlight the significance of each of the optoelectronic properties or a combination of
these properties that governs the various device mechanisms. Table.2 provides the extracted (experimental) cell parameters for
both unpassivated and rear passivated devices for different absorber thicknesses. Identical quality of CIGS films (see Table.1)
was used for all the thickness cases with uniform gallium grading profiles in the simulation model similar to the experimental
case. Next, the negatively charged Al,Os3 RP-layers used in the experiments are mimicked in our simulation model by
considering negative fixed charge density of 8x10'”> cm and interface charge density of 1x10'? ¢V-! cm™ as the RP-layer
properties. The reported results in Table.2 are separated into two different Groups A (thinner) and B (thicker) comprising of
0.24 - 0.4 um cases and 1.1-1.5 pm cases respectively. From the same Table.2, we can observe a strong dependency in the cell
parameters on the absorber layer thickness (i.e. thinner absorber films exhibit significant improvement in both V. and Jg
compared to thicker films). Group A samples underwent front surface MgF, anti-reflective coatings (ARC), while no such
ARC films were deposited in the fabrication of Group B samples. This effect in front surface reflection for Group A samples
was included by adjusting the front reflection (Rr) parameter in the device simulator. Hence, Rr and Ry of 5% and 70%
respectively were chosen for Group A sample simulations versus 10% and 30% for Group B samples. Additionally, it is also
important to note that Group B samples undergo industrial contacting schemes (i.e. spherical shaped nano-sphere precipitates
dip in chemical bath solution), yielding uncontrollable (i.e. density, spacing and non-uniform distribution) rear metallization
fraction. Thereby resulting in best and worst contacting schemes for 0.4 pm thickness (samples from Group A) and 1.1 pm
thickness (samples from Group B) respectively. Moreover, unpassivated reference cells from 1.1 pum samples demonstrated
low performances and can be considered as poor cells, which makes these data points invalid for comparison against the
modeled efficiencies.

For a fixed rear RP layer negative fixed charge densities (—Qy) and interface trap density (Dj):

(i) A strong decrease in V. gains was observed while increasing the absorber thickness (i.e. from 0.24 to 1.5 pm). This means
that the effect of bulk recombination (at the CIGS grain volume) increases as a function of absorber thickness, thereby
counter-affecting the gains due to field-effect passivation, leading to noticeable loss in the Voc’s (especially from group A to
B).

(i1) Next, the gain in J gradually reduces and even becomes negative from thinner to thicker absorber layers (i.e. from group
A to B). Noticeable gains in Group A samples can be due to several possible mechanisms, such as: (a) effective front Ry (i.e.
due to ARC) and rear Ry (i.e. due to MgF»/Al,O3 rear stack) optical confinements, (b) drift-field assisted minority carrier
diffusion length enhancement, (c) additional photo-current diffusion component outside the SCR (i.e. quasi-neutral region), (d)
diffusion length (L4) of the minority carriers sufficiently larger than the thickness (0.5 um) of the absorber layer (ex: Lq > 0.5



um), where the significance of all these effects will be reduced with increasing absorber thickness. On the other hand, a
negative gain in Ji (for group B samples) can be attributed to the loss in fill factor (FF) due to improper rear contact formation
through the Al,O3 passivation layer (resulting in contact resistance losses). The rear contact openings were implemented in an
industrial proof-of-concept schemes (i.e. by using nano-sphere shaped precipitates in chemical bath deposition dip) resulting in
uncontrolled density of rear-contact openings, and their resulting rear contact metallization fraction, thereby affecting series
resistance and FF. These effects were not considered in our simulation model due to 2-D device geometrical mesh
requirements.

(iii) Lastly, significant gain in cell efficiencies are seen for thinner absorber films (Group A samples) due to reduced rear
surface recombination in combination with improved collection probability at the SCR. These gains in cell efficiencies are
limited for thicker films (Group B samples) due to losses in both J, and FF.

Fig.9 represents the comparison of predicted efficiencies using our model versus the experimentally obtained cell efficiencies.
From the comparison plot, we can clearly see that the simulation model yields higher efficiencies than the experimental results
for both passivated and unpassivated cases for all the thickness considered. Such disagreement can be explained due; (i)
absorption profile (over the entire wavelength range) mismatch between the SCAPS model and experimental CIGS films, (ii)
impact of both series and shunt resistance on the FF, and (iii) uniform Ry, and Rs profiles over entire wavelength range (in our
SCAPS model), where as in practice (experimentally) this is not the case. Next, it is worth mentioning that the absorption
coefficient (10° cm™) in our SCAPS model is kept constant over the entire wavelength range, while in practice this is not being
the case. This optical factor plays an important role especially for thinner absorber layers, therefore the current density of
thinner CIGS layers is slightly over estimated.
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Fig. 9. Experimental (exp.) and simulated (mod.) cell efficiencies for unpassivated and passivated CIGS solar cells versus
absorber layer thickness. For front and rear reflectance in the simulation model, we have considered; R=5%, Ry =70% for
Group A samples and R/=10%, Ry=30% for Group B samples respectively.

Table.2: Average values and absolute gains in the Vo, Js, and 1 of un-passivated reference cells (ref. cell) and Al,O3
passivated cells (pass. cell) for different CIGS absorber thicknesses.



W s Average Voc (MV) Average Jsc (mA/cm?) Average 1 (%)
Group (nm) # cells Ref. Pass. Abs. ref pass abs ref pass abs
cell cell gain cell cell (gain) cell cell (gain)
([)221‘; 4 602 659 57 19.6 23.3 3.7 8.0 11.8 3.8
A
([)é? 6 576 644 68 23.2 30.2 7 9.1 13.2 4.1
%416(]) 10 608 645 37 294 29.0 -0.4 13.0 13.1 0.1
B
[12'(?] 8 624 640 16 30.5 30.0 -0.5 14.9 15.1 0.2

3.9 Rear passivation layer (RP-layer) optimization:

In this section, we summarize the requirement for optimal opto-electronic properties of the RP-layer in order to achieve cell
efficiencies > 20%, while simultaneously maintaining ultra-thin (0.4-0.6 pm) absorber thickness. Fig 10 shows the simulated
cell efficiencies for the following three different cases: (i) negative (red), (ii) positive (blue) fixed charge densities of 8x10%?
cm? in the RP-layer, and (iii) without (green) any rear RP-layer (i.e. unpassivated) for fixed Di = 1x10'2 eVt cm? , Ry = 95%
and Rr = 0% as a function of CIGS absorber thickness. From these results, it is clear that the CIGS absorber thickness in the
range 0.4-0.6 um are sufficient to achieve cell efficiencies > 20%, while choosing negative fixed charged RP-layer. We also
observe significant gain, especially in the cells Vo and Js. for thinner absorber layers due to (i) reduced rear surface
recombination by shielding the minority carriers (i.e. accumulation-mode) and (ii) creating additional electric field (drift
component) that assists the minority carriers towards the SCR. On the other hand, cell structures with +Qf show detrimental
effects on the cell performance due to surface depletion (for moderate +Qyr) and/or inversion modes (of high +Qs), where one
can expect maximum recombination or a parasitic pseudo PN-junction, hindering the open-circuit voltage, and thereby, the
cell performance. Finally, cell structures with no RP-layers demonstrate moderate efficiencies amongst the best (—Qf) and
worst (+Qy) cell performances. One of the limitation factor for the performance of un-passivated CIGS solar cell is the high
rear surface recombination velocities (Sy~107 cm/s) due to large densities of interface traps at the metal (Mo)-Semiconductor
(CIGS) interface, where a noticeable loss in both V. and Js can be observed for ultra-thin CIGS thickness (< 0.4 um). Lastly,
by comparing the results from Fig.9 (red stars) and Fig.10 (red stars) we clearly observe the gains due to both front and rear
optical confinement effects.
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Fig. 10. Simulated CIGS cell efficiencies for varying absorber thickness with fixed (i) —Qr= 8x10*2 cm™ (ii) + Q= 8x10*2cm
with constant Di=1x10'? cm? eV!, R,=95% and R=0%.

To summarize, Fig.11 showcases the impact of five different combinations (#1-5) of passivation mechanisms, with or without
optical optimizations on four different absorber layers. From the same figure, we can clearly see the impact of worst (casel)
and best (case 2) chemical passivation on ultra-thin (<0.5 pum) absorber layers. Cases 4 and 3 respectively provide
experimental passivation scenarios, with or without optical optimizations resp., as a future roadmap towards >20% even for
thickness ~0.5 pm. Finally, case 5 dominates the efficiency chart amongst all the cases considered, with excellent field-effect
and chemical passivation even without the need for further optical optimizations.
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Fig. 11. Overview of different passivation scenarios and their combinations with and without optical optimizations for four
different CIGS absorber thicknesses.

4. Conclusions

To improve the understanding of rear surface passivated CIGS solar cells, a predictive simulation model is developed in
SCAPS. The implementation of rear passivation layer into the simulation model has been validated using Mo/CIGS/RP-
layer/Al M-I-S structures with experimentally reported Qr and Dj; values. Next, the proposed model is validated against
experimental cell results for different absorber layer thicknesses. From these results, the requirements and limitations on the
type (+/-) of fixed charges, their densities, and interface trap densities for enhanced cell performance are established. It is
observed that the influence of field effect passivation due to negative fixed charges in the RP-layer is more predominant for
thinner absorber layers than for thicker ones, which agrees well with the experimentally reported results. Additionally, we
provide the minimum density of —Qf required and maximum acceptable limit for Dy is around 5x10'2 cm? and 1x10'3 cm™2eV-!
respectively. Next, the impact of rear optical reflection Ry can be seen for CIGS thickness greater than the SCR widths.
Furthermore, to conclude, it is observed that for Al,Os3 passivated CIGS surfaces, the field-effect passivation (due to —Qy) is
more predominant than the chemical passivation (due to Dj). Lastly, we provided guidelines to achieve cell efficiencies > 20%
for ultra-thin absorber layers with due consideration of optical (R, and Ry) and electronic (field-effect and chemical
passivation) properties.

5. Outlook

The proposed simulation model and results could be used as a starting point to create complex 2D models of 3D cell
geometries. These complex device simulators are required in order to find an optimal tradeoff between reduced rear surface
recombination losses and rear-metal contact series resistance losses. These rear contact designs should be tested against large
variety of optical, electronic and physical properties (ex: thickness of CIGS, doping concentration, minority carrier diffusion
lengths, rear contact resistance, rear contact barrier potentials, rear contact SRV, front and rear optical confinement effects,
etc...) in order to understand the impact of each parameter and their optimization. Furthermore, such device models will also
facilitate the TF-PV research community to implement novel ultra-thin CIGS cell structures with high efficiency capabilities.
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