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ABSTRACT

OPTICAL AND ELECTRICAL DESIGN GUIDELINES OF
NANOSTRUCTURED CDTE SOLAR CELLS

Ozcan, Can
MSc., Department of Electrical and Electronics Engineering
Supervisor : Asst. Prof. Selguk Yerci

September 2018, 69 pages

Cadmium Telluride (CdTe) is a direct band gap material with an almost optimum band
gap of 1.5 eV and has a high absorption coefficient at its band edge (>10* cm™). In the
last decade, an alternative to the conventional planar structure of CdTe solar cells has
been realized by coating the CdTe absorber around ZnO nanorods (NRs). The NRs
serve as the front contact of the solar cells with radial charge collection and vertical
light absorption at the same time, allowing efficient charge collection and enhanced
light trapping properties. Prior to CdTe coating, a thin conformal interfacial CdS layer
is usually deposited around NRs which provides a graded band alignment between
CdTe and ZnO and passivation of CdTe surfaces. In the NR-based solar cells, the ZnO
NR dimension, CdTe and CdS thicknesses, material and interfacial qualities (i.e
doping density and surface recombination velocities) are determining factors in the
optical absorption and charge collection. In this context, the effects of length, density
and angular deviation of the NRs are analyzed through optical and electrical
simulations for two types of CdTe solar cell structures, namely the extremely thin
absorber (ETA) and buried. Optical simulations are validated in comparison with the
experimental haze measurements of CdS/ZnO NRs. While ETA CdTe solar cell uses
a thin (~40 nm) absorbing layer around CdS-coated ZnO NRs, CdTe fills the space
between CdS-coated ZnO NRs in the buried solar cells. The short circuit current

densities are calculated at various CdTe doping densities and CdS/CdTe surface
Vv



recombination velocities by electrical simulations, and are compared to the
conventional planar CdTe solar cells. It was shown that with a moderate doping
density of 10'® cm and relatively high CdS/CdTe surface recombination velocities of
10* cm/s, NR-based CdTe solar cells can outperform their planar counterpart by
achieving Jsc values as high as 27 mA/cm?. Characterization of CdTe thin films by
secondary ion mass spectroscopy, Raman spectroscopies and scanning electron
microscope demonstrates that doping densities required to boost the efficiency of NR-
based CdTe solar cells can be achieved experimentally. Finally, measured solar cell

efficiency of buried structures are also presented.

Keywords: CdTe solar cells, ZnO Nanorods, Light Trapping, CdTe characterization
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NANOYAPILI CDTE GUNES HUCRELERI ICIN OPTIK VE
ELEKTRIKSEL TASARIM KILAVUZU

Ozcan, Can
Yuksek Lisans, Elektrik ve Elektronik Miithendisligi
Tez Yoneticisi : Dr. Ogr. Uy. Selguk Yerci

Eylul 2018, 69 sayfa

Kadmiyum Telliir (CdTe) ideal olan 1.5 eV bant aralig1 ve bant kenarindaki yiiksek
sogurma katsayis1 (>10* cm™) ile direkt bant yapili bir malzemedir. Son on yilda
geleneksel diizlemsel yapidaki CdTe giines hiicrelerine alternatif olarak ZnO
nanogubuklarin (NR) etrafinin yliksek sogurmaya sahip CdTe ile kaplanmasiyla CdTe
giines hiicreleri iiretilmistir. Nanogubuklar 6n kontakt rolii listlenmesinin yanisira
radyal yik toplamasi ve gelismis 1sik hapsetme Ozelliklerine sahiptir. CdTe
kaplanmasindan 6nce kademeli bant yapist sagladigi ve CdTe ylzeyini pasive ettigi
icin genellikle ince bir CdS tabakasi nanogubuklarin etrafina kaplanir. Nanogubuk
tabanli CdTe giines hiicrelerinde ZnO nanogubuk boyutlari, CdTe ve CdS kalinliklari,
malzeme ve arayiiz kalitesi (katkilama yogunlugu ve araylz rekombinasyon hizlari)
optik sogurmayi ve yiik toplamayi etkileyen faktorlerdir. Bu amagla nanogubuklarin
uzunluk, yogunluk ve agisal sapmalar1 optik ve elektriksel simiilasyonlarla asir1 ince
sogurucu (ETA) ve gomiilii hiicre yapisi olarak adlandirilan iki farkli CdTe gilines
hiicresi yapis1 igin analiz edilmistir. Deneysel verilerle karsilagtirma yapilarak
ZnO/CdS nanogubuklarin 151k sagma miktarlarinin optic  benzetimlerle dogru
bulundugu gosterilmistir. ETA CdTe giines hiicreleri, CdS kapli nanogubuklarin
etrafina kaplanan ince bir CdTe tabakasi (~40 nm) kullanirken, gomiilii CdTe glines

hlcrelerinde CdTe malzemesi CdS kapli ZnO nanogubuklarin arasindaki bosluklar
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doldurmaktadir. Kisa devre akim yogunluklari elektriksel benzetimlerle farkl
katkilama yogunluklar1 ve CdS/CdTe yiizey rekombinasyon hizlar1 i¢in hesaplanmis
ve geleneksel diizlemsel CdTe giines hiicreleriyle karsilastirilmistir. Benzetim
sonuclarindan goriilmiistiir ki, 108 cm™ seviyede katkilanan ve yiiksek bir CdS/CdTe
yiizey rekombinasyon hizi olan 10* cm/s ile 27mA/cm? Js. degerine ulasilarak
diizlemsel giines hiicrelerinden daha yiiksek Jsc elde edilmistir. ikincil iyon kitle
specktroskopisi, Raman spektroskopisi ve taramali elektron mikroskobuyla
karakterize edilen CdTe dizlemsel 6rneklerin benzetimlerde gosterilen katkilama
yogunluklarina ulasabildigini deneysel olarak gostermistir. Son olarak, gdmulu CdTe

giines hiicrelerinin verimlilik 6lcimleri sunulmustur.

Anahtar Kelimeler: CdTe giines hiicreleri, ZnO nanogubuklar, 1s1k hapsetme, CdTe
karakterizasyonu
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CHAPTER 1

INTRODUCTION

1.1 Current Status of CdTe Solar Cells

In 2017, the solar cells in the world had a power production capacity of 94.6
GW, generating 1.7 % of the world’s electricity. While Silicon solar cells dominated
the market by 93.3 % of the total solar cell production, CdTe solar cells follow Si solar
cells by a 2.3 % share in the global PV market having constituted more than 50 % of
the global thin film PV production in 2017. Besides, CdTe solar cells have the shortest

energy pay-back time among industrial solar cells [1].

Shockley-Queisser limit defines the maximum theoretical power conversion
efficiency of a solar cell utilizing a single p-n junction for a given band gap [2]. CdTe,
with its ~1.5 eV direct band gap, is an almost optimum material for PV as shown the
Shockley-Queisser limit with respect to band gap in Fig. 1.1. Additionally, CdTe has
a high absorption coefficient near its band edge (>10* cm™) making it an excellent
material for photovoltaics [3]. Thanks to these properties of CdTe, efficiencies of 22.1
% and 21.0 % have been achieved for CdTe solar cells and modules, respectively [4].
Although the high efficiencies of CdTe are promising for large scale electricity
production, Te is a scarce element and its supply is limited. By 2020, the CdTe PV
technology is expected to be material constrained due to a large increase in the Te
prices, hence, the CdTe amount in the solar cells must be reduced while increasing the
efficiencies [5]. For this purpose, the thickness reducing the CdTe layer thickness in
solar cells has been studied [6], [7]. These studies demonstrated the feasibility of
reducing the CdTe layer thickness below 1 pum, however, the efficiencies of the
submicron CdTe layers remained unsatisfactory. As an alternative to these efforts,

ZnO nanostructures have been incorporated in CdTe solar cells [8]-[14]. Unlike the



direct deposition of planar layers for conventional CdTe solar cells, the nanostructured
CdTe solar cells are realized by growing nanostructures and conformally coating the

nanostructures with the absorbing CdTe layer.
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Figure 1.1: Shockley-Queisser limit vs. Bandgap of the material [15]

1.2 Conventional CdTe Solar Cell Structures

Thin film solar cells can be realized by substrate type or superstrate type
structures. A typical substrate type CdTe solar cell structure is given in Fig. 1.2.a. In
the substrate type structure, the light is incident on the TCO layer on the top of the
structure. Then, light travels through the buffer and window layers, typically ZnO and
CdS, respectively. The portion of light reaching to the CdTe layer is absorbed. The top
and bottom electrical contacts are usually a TCO layer and a metal layer, generally
Au, respectively. The substrate type structure is advantageous since it allows
utilization of flexible metal foils as the substrate material, leading to roll-to-roll
manufacturing with reduced prices [16]. The efficiencies of substrate type CdTe solar
cells, however, have been limited [17]-[19] mainly due to the high temperature
processes that cause the dopants in CdTe to diffuse into other layers. The diffusion of
dopants occurs since the CdTe layer must be deposited on the substrate or flexible
metal foils first, followed by the CdS, ZnO and TCO layers, as indicated by the
deposition order in Fig. 1.2.a. A study achieved 13.6 % efficiency by coating a Cu
layer with a Cu layer thinner than an equivalent thickness less than a monolayer and



diffusing Cu into the CdTe layer [16] but the large scale applicability of such a method
stands questionable due to long term instability of Cu dopants [20].

The superstrate configuration, shown in Fig. 1.2.b, requires the utilization of a
transparent substrate, such as glass. The superstrate is coated with a TCO as a front
contact on which the CdS window and ZnO buffer layers are deposited. Following the
deposition of these layers, CdTe layer is deposited and with the evaporation of the top
metal contact the superstrate CdTe solar cell is completed. The superstrate type CdTe
solar cells have been fabricated for almost 50 years [21]. The deposition order,
indicated in Fig. 1.2.b, allows the ZnO buffer and CdS window layers to be unaffected
by the diffusive dopants. Considering the large scale applicability of superstrate type
CdTe solar cell structure and significantly higher efficiencies than their substrate
counterparts [22]-[24], the analysis of solar cells in this thesis is kept limited to
superstrate CdTe solar cell configuration.

(a) Light (b) Light

vy 4 I vy ¢ I

Metal Contact

Deposition order
Deposition order

Metal Contact

Substrate Configuration Superstrate Configuration

Figure 1.2: The typical (a) substrate and (b) superstrate CdTe solar cell structure

The record power conversion efficiencies of CdTe solar cells achieved with
conventional CdTe solar cell structures are given in Fig. 1.3. The record efficiencies
of the CdTe solar cells highly increased from years 2011 to 2016 to reach the record
efficiency of 22.1 %. These high efficiencies make CdTe a strong candidate for large

scale energy production.
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Figure 1.3: The record power conversion efficiency of the CdTe solar cells with respect to
year (Data taken from [25])

1.3 Nanostructured CdTe Solar Cells

Sensitizing nanostructures with quantum dots [26], [27] and organic dyes [28]
or coating conformal layers of semiconductors around numerous nanostructures [29],
[30] have been popular for solar cell applications due to easy and inexpensive device
fabrication. For CdTe solar cells, a specific attention has been given to ZnO NRs.
Conformal coating of extremely thin absorber (ETA) CdTe layer around randomly
oriented NRs has attracted attention in the last 2 decades [8]-[14], [31]-[33]. While
planar CdTe layer thicknesses usually exceed 1 um, the CdTe coating of
nanostructures involves CdTe thicknesses ranging from a few nanometers up to
hundreds of nanometers. An illustration of ETA CdTe structure with ZnO NRs
structure is shown in Fig. 1.4 as an example without the top contact layer for
simplification. In such a ZnO NR-based structure, the light travels in the vertical
direction in the absorbing CdTe layer. The vertical propagation of light causes
increasing absorption in CdTe layer considering the reduced CdTe. The charge
collection, on the other hand, occurs radially through the thin CdTe layer, allowing
efficient charge collection [34]. Therefore, NR-based CdTe solar cells allow efficient

light absorption and charge collection at the same time with reduced CdTe amount in
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the cell. Additionally, ZnO NRs have been shown to scatter light due to their random
orientations [35], [36]. The inherent scattering properties of NRs induce light trapping
effect in the solar cell, increasing the absorption of light. The combination of these

effects reduces the need for a thick CdTe layer as in the planar CdTe solar cells.

Unlike ETA CdTe solar cells, some NR-based CdTe solar cells employ thicker
layers of CdTe, filling the gaps between nanostructures with a buried CdTe layer [13].
The complete burying of the nanostructures increases the CdTe amount in the solar
cells compared to the ETA CdTe solar cells but the consumed CdTe amounts are
below the conventional planar CdTe solar cell structure. Buried CdTe solar cells
exhibit different light trapping and charge collection effects different from that of ETA
solar cells due to their bulkier CdTe layer, which will be evident in the following

sections.

Qly
N
Sllperst
r
ate

Figure 1.4: ETA CdTe layer (blue) coated around NRs (red) with a thin CdS layer (green) on
a TCO layer (cyan)

The efficiencies of some CdTe solar cells incorporating ZnO nanostructures
are given in Table 1.1. The efficiencies of both ETA and buried type CdTe solar cells
are much lower than the planar CdTe solar cells given in Fig. 1.3. The investigation
of the low efficiencies and Jsc of nanostructured CdTe solar cells is necessary in this

study.



Table 1.1: The type, Jsc and efficiencies of various nanostructure based CdTe solar cells

Ref | Substrate Structure Type | Jsc (MA/cm?) | n (%)
[8] | FTO/glass ZnO/CdTe NR ETA 0.35 0.01
[10] | ITO/glass ZnO/CdTe NR ETA 5.9 -
[11] | FTO/glass | ZnO/CdS/CdTe NR | Buried 8 0.7
[12] | FTO/glass | ZnO/CdS/CdTe NR | ETA 4.93 1.05
[13] | ITO/glass | ZnO/CdS/CdTe NR | Buried 15.9 4.2

1.4 Organization of This Thesis

In this thesis, the nanostructured CdTe solar cells are reviewed and the
relatively low efficiencies of these solar cells are understood through optical and
electrical simulations. Two types of nanostructured solar cell structures, namely the
ETA and Buried solar cells, are designed in consideration with the experimental
limitations and large scale applicability and the loss mechanism of them are identified
through optical and electrical simulations. It is shown that buried CdTe solar cells with
2000 nm-tall ZnO NRs and a moderate doping density of 10'® cm™ can achieve a Js
of 28 mA/cm?. ETA CdTe solar cells with 1000 nm-tall ZnO NRs and doping density
of 10'® cm™, on the other hand, can achieve the same Jsc with a planar solar cell with
3 times higher CdTe amount. The results are promising on the purpose of reducing the

CdTe amount in solar cells while maintaining high efficiencies.

In Chapter 2, the structural parameters of nanostructure based CdTe solar cells
reported in the literature are surveyed with the consideration of fabrication techniques.
The relatively low efficiencies of these solar cells and the need for exploration of the
loss mechanism are addressed. Based on the experimentally-achieved nanostructure

geometries and efficiencies, two types of solar cells structures are proposed.

In Chapter 3, the optical properties of the proposed nanostructure based CdTe
solar cells are investigated with respect to nanostructure dimensions and solar cell
design with optical simulations. The light scattering properties of ZnO NRs are shown
with their benefits in solar cells. The parasitic loss mechanisms are revealed and

methods compensate for the losses have been offered.



In Chapter 4, the charge collection efficiencies of the optically simulated solar
cells are obtained through electrical simulations. Jsc of the two solar cell types with
various doping densities, surface recombination velocities and nanostructure
dimensions are obtained and compared to that of planar CdTe solar cells for
comparison. The high recombination losses are explained and suggestions for doping

densities and surface recombination velocities are given.

In Chapter 5, brief information about secondary ion mass spectroscopy
(SIMS), Raman spectroscopy and scanning electron microscope (SEM) is presented.
Planar CdTe layers fabricated on CdZnS/ITO/Glass with different dopant
concentrations are characterized with the abovementioned characterization techniques
to ensure that simulated nanostructured CdTe solar cells parameters are in coherence
with the experimentally achievable material parameters in terms of doping density and
its effect on the CdTe material quality. Then, J-V curves of a NR-based CdTe solar
cell is presented and its efficiency is analyzed and compared with a planar CdTe solar

cell.






CHAPTER 2

STRUCTURAL DESIGN OF NANOSTRUCTURED SOLAR CELLS

2.1 Review of ZnO Nanostructures for Solar Cells

ZnO is a wide band gap semiconductor (3.37 eV) with high electron mobility
and relatively easy crystallization properties [37]. Although the CdS/CdTe solar cells
originally did not utilize ZnO layers, adapting a thin ZnO buffer layer reduces shunts
caused by the pinholes in CdS [38] and increases the charge collection performance
due to enhanced electron selectivity. Variety of one-dimensional single-crystal ZnO
nanostructures have been fabricated such as nanorods [39], nanobelts [40], nanotubes
[41], nanorings [42] and complex hierarchical structures [43]. NRs have attracted
attention in particular due to its ease of fabrication and enhanced charge collection and

light trapping effects in solar cells.

Despite the light trapping and radial charge collection properties of ZnO NRs,
the solar cells with ZnO/CdTe NR arrays performed with efficiencies lower than 1 %.
Some studies indicated that insertion of a thin CdS interfacial layer between ZnO and
CdTe layers increased the efficiencies of these solar cells due to the graded band
alignment and reduced defect density at the interfaces [11], [12]. Even with the
insertion of the CdS interfacial layer, the nanostructure-based CdTe solar cells still
performed lower than their planar counterparts [11]-[14]. The low performance of
ZnO NR-based CdTe solar cells requires a thorough understanding of optical and
electrical loss mechanism in the solar cell structure. While the optical and electrical
design of planar solar cells is fairly straightforward thanks to their simple structures,
optical and electrical modeling of nanostructured solar cells are difficult due to
complex and random device structure. The calculation of light propagation and

absorption in the solar cell structure as well as the modelling of charge collection, bulk



and interface losses are complicated for nanostructured CdTe solar cells. To reduce
the complication, the nanostructure-based solar cell structures were designed based on
the already-achieved solar cell geometries and material properties. The following
subsections consider the nanostructure-based CdTe solar cells in the literature and two

design for CdTe solar cells are proposed in section 2.5.

ZnO NRs are usually grown by hydrothermal growth [11]-[13], [39],
electrochemical growth [10], [14] and chemical bath deposition [44] on a ZnO seed
layer, glass or transparent conductive oxides. The scanning electron microscope
images presented in some studies [10]-[13], [39], [44] were analyzed to obtain the NR
heights, densities, diameters and angular deviations of the NRs. 4 of the investigated
The obtained NR parameters are summarized in Table 2.1. ZnO NRs with 500-2000
nm height, 80 nm diameter, angular deviations ranging from 0 to 20 degrees and
densities ranging from 5 to 50 rods/pum? were found suitable for solar cell analysis.

Table 2.1: ZnO NRs geometrical presented in some studies. The parameters which were
extracted from the SEM images are indicated with an asterisk.

Ref. | Diameter Height Angular dev. Density ZnO seed layer
(nm) (um) (degrees) (rods/pm?) thickness (nm)

[10] 147 7 ~0* 6* -

[11] 40-80 0.36 18* - 80

[12] | 100 - 200 2-3 25* 5* 320*

[13] 90* 13-14 12* 58* 16

[39] ~80 05-4 - 0

[44] 70* 15 - 36* 100

2.2 The CdS Window Layer and CdTe Absorber Layer

CdS is a material with 2.4 eV band gap and is used in CdTe solar cells as the
window layer between CdTe and ZnO or CdTe and TCO layers. In superstrate
CdS/CdTe solar cells, CdS layers are incorporated as the n-type side of the p-n
heterojunction. For large scale planar CdTe solar cell production, usually chemical
bath deposition is used [17], [45], [46] but the thicknesses of these CdS layers,

however, are usually above 80 nm to ensure pinhole-free layers. Considering the high
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absorption coefficient of CdS below its band gap, shown in Fig. 2.1, the thick CdS can
deteriorate the performance of the solar cells at due to the high parasitic absorption in

CdS at short wavelengths.
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Figure 2.1: The absorption coefficient of CdS (data is taken from [47])

The selection of the thickness and the conformal deposition method of the CdS
layer is crucial for device performance for nanostructured CdTe solar cells. Zhang et
al. [11] pointed out that a 4 nm-thick CdS layer is enough for passivating ZnO NR
surfaces while keeping the parasitic absorption in CdS low. Conformal deposition
methods such as successive ionic layer adsorption and reaction (SILAR) [11],
electrochemical deposition [12], metalorganic chemical vapor deposition (MOCVD)
[13] for the deposition of CdS were used in previous works in which CdS thicknesses
ranging from 2 to 20 nm were achieved on ZnO NRs with high conformity. In this
study, adapting a 15 nm-thick CdS layer for the formation of solar cell structures was

found suitable.

Planar CdTe layers are generally deposited with close-space sublimation [46],
but this method is insufficient for conformal coating of CdTe around ZnO/CdS NRs.
For NR-based solar cells, the CdTe absorber layer was conformally deposited using
electrochemical deposition [10], [12], SILAR [11] and MOCVD [13]. In a study, long
deposition periods of CdTe resulted in complete filling of the volume between
ZnO/CdS NRs with CdTe achieving an efficiency of 4.5% [13], which is promising

11



for ZnO NR-based CdTe solar cells. The thicknesses of ETA CdTe layers are within
the range of tens of nanometers. To be in coherence with the reported CdTe

thicknesses, a 40 nm-thick CdTe layer was seen appropriate for this study.

CdTe solar cells’ efficiencies were seen to suffer at around 1-5 % unless CdCl;
heat treatment is applied [48]. This treatment is applied in the presence of CdCl; at
temperatures between 350-450 °C for 20-60 minutes. Although the origin of the
efficiency enhancement has not been fully understood, the origin is attributed to
various factors such as recrystallization and grain growth of CdTe [7], enhancement
of charge carrier lifetimes [49] and suppressing the defects in CdS and CdTe layers
[50].

The doping of CdTe has been an issue due to the self-compensating effect of
As dopants in CdTe due to the formation of AX centers and defect formation with a
Cd site or Cd vacancy [51]. While doping densities of 10 cm™ are achievable for
CdTe solar cells, doping densities higher than 101" cm™ require excessive attention to
the doping process [16] or utilizing a single crystalline CdTe layer [52] which is not
practical for large scale CdTe solar cells. The difficulty of doping is taken into

consideration for the electrical simulations.

2.3 Proposed CdTe Solar Cells Structures

The nanostructure-based CdTe solar cells were designed in accordance with
the analysis on the NR geometries and layer properties. A 30 nm-thick ZnO seed layer
was assumed on an ITO/glass superstrate with an ITO thickness of 150 nm. ITO is
assumed to be front contact in this structure. In accordance with the chosen ZnO NR
geometries, the ZnO NRs were created on a ZnO seed layer. The ZnO NRs were coated
with a thin CdS window layer of 15 nm thickness. The resultant ZnO/CdS NRs are
illustrated in Fig. 2.2.a.

According to the analysis on CdTe layer, two types of solar cell structures were
analyzed, namely the ETA solar cell structure and the buried solar cell structure. ETA

solar cell structure were designed with a thin CdTe layer conformally coated around
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ZnO/CdS NRs. The conformal CdTe layer thickness in the ETA solar cell structure
was chosen as 40 nm. To complete the solar cell structures, the resultant
ZnO/CdS/CdTe were partially filled with PMMA and then the remaining gaps
between NRs are filled with Au rear contacts. PMMA is a nonconductive and
transparent polymer and was used in the ETA solar cell structure to avoid complete
filling of the ZnO/CdS/CdTe NRs with Au. A complete Au filling was shown to create
plasmonic effects and enhancing the optical losses in the Au layer while partial filling
with a polymer was seen to improve the losses, hence, partial filling with PMMA is
expected to suppress parasitic absorption in Au. The ratio of PMMA/Au filling was
chosen such that at least 90% of the NR tips are in contact with the Au layer. The

illustration of the ETA solar cell structure is given in Fig. 2.2.b.

The buried structure was formed with the complete filling of ZnO/CdS NRs
with the buried CdTe layer with an excess layer of 100 nm on the tips of NRs
corresponding to an overgrowth during CdTe growth. The top of the CdTe layer was
coated with 150 nm-thick Au rear contacts and the buried solar cell structure is

illustrated in Fig. 2.2.c.
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Figure 2.2: (a) ZnO/CdS NRs, (b) ETA solar cell structure and (c) buried solar cell structure
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CHAPTER 3

OPTICAL OPTIMIZATION OF NANOSTRUCTURED SOLAR CELLS

3.1 FDTD Simulation Methodology

The optical simulation of nanostructure-based CdTe solar cells was performed
with a commercial-grade simulator based on the finite-difference time-domain
(FDTD) method (Lumerical, FDTD Solutions). A MATLAB code was used to
generate the random positions of the ZnO NRs on the x-y plane and the angular
deviation from the z-axis. The random positions of NRs were generated for every
individual NR for the desired NR height and density using an algorithm which placed
the bases of the NRs at random locations allowing a minimum distance between NRs
changing from 90 nm for the densest NRs (corresponding to a NR density of ~50
rods/pm?) to 380 nm for the least dense NRs (corresponding to a NR density of ~5
rods/um?). The angular deviation from the z-axis, denoted by a in Fig. 2.2.a, was also
individually and randomly assigned in x- and y-directions assuming a Gaussian
distribution with a constant mean of 0 degrees and the standard deviations were swept
from O to 20 degrees. The standard deviation of the Gaussian distribution is referred
to as the angular deviation in the rest of this paper and should not be confused with

the mean angle of the Gaussian which is constant 0 degrees.

Size of the simulation domain was chosen as large as 2000 nm to successfully
model the large scale light scattering effects of the NRs due to their random
orientations. The size of the simulation domain was changed in the z-direction
according to the height of the solar cell structure. X- and y-boundaries were chosen as
periodic boundary conditions while perfectly matched layers were used at the z-
boundaries. A 5 nm uniform cubic mesh sizes were used. A plane wave source was

normally incident to the solar cell from the glass with a broad spectral range of 300-
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900 nm. A uniform wavelength spacing of 5 nm was used for a highly resolved
absorption and haze data. The absorption calculation in each layer of the structures
was done by taking 2-D slices from the 3-D structures and averaging the obtained
absorption values from the 2-D slices, since calculation of the absorption in the whole
3-D simulation domain would require an excessive amount of memory and processing
power. 10 of the 2-D slices were observed to be enough to calculate the absorption in
each layer. The photo-generation profiles were calculated by integrating the solar
photon flux and absorption in each mesh point in the simulation domain over a
wavelength region of 300-850 nm. The volumetric amount of CdTe layers for each
geometry were also calculated from the slices taken from the 3-D structure. The
material refractive indices were taken from the literature for ITO [53], ZnO [54], CdS
[47], CdTe [47], Au [55] and PMMA [56].

Optical simulations were performed in two steps. Firstly, ZnO/CdS NRs on
ITO/Glass were simulated for the 27 geometrical configurations (i.e. 3 heights, 3
densities and 3 angular deviations), and the absorption, transmission and haze spectra
were extracted. Secondly, the ETA and buried cells were simulated, and the
absorption, reflection and optical generation profiles were extracted. The absorption
spectra in CdTe is weighted with the solar irradiance to obtain the maximum
achievable photocurrent (MAPC) with the given solar cell structure. The standard
solar irradiance is AM 1.5G spectrum, whose spectral intensity is given in Fig. 3.1.
AM 1.5G spectrum is the solar irradiance after the sun light travels 1.5 atmosphere
length before reaching to the solar cell. The 1.5 atmosphere length corresponds to a
global tilt of 48.2 from the normal of the ground. The spectral intensity is given in

terms of the power falling per unit are per wavelength.
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Figure 3.1: AM 1.5G solar irradiance vs. wavelength.

The weighting with the solar irradiance is done by converting the power term
of the solar irradiance to the number of photons per second and integrating this value

with the absorption in the CdTe layer up to the band gap of CdTe as given in Eq. 3.1

850 nm
q

MAPC = —. A.Acare(A) - i (2).dA Eq. 3.1

-C J300nm

where q is the elementary charge, A is the wavelength of the incident light, h is the
Planck’s constant, ¢ is the speed of light, Acdre IS the absorption in CdTe layer and o
is the AM 1.5G solar spectral irradiance. MAPC is used as the figure-of-merit for
optical performance.

3.2 The MAPC Analysis

The MAPC of each configuration of ZnO NRs were found from the absorption
in CdTe and the results are given in Fig. 3.2. The MAPC of buried solar cells are
higher than that of ETA solar cells for every geometrical configurations of NRs,
making them superior in terms of light absorption. MAPC of both ETA and buried
solar cells increase with the height of NRs when the angular deviation and density are

kept constant. The angular deviation increases the MAPC of the buried solar cells in
17



each geometrical configuration while its effect on ETA solar cells are ambiguous.
Contrarily, the effect of NR density on the MAPC of buried solar cells is complicated
while the MAPC of ETA solar cells strongly increase with NR density for constant
NR height and angular deviation. These trends cannot be directly explained and
requires detailed analysis. Although with some NR geometries MAPCs of <27
mA/cm? can be achieved, the reduction in the CdTe amount as well as the light
trapping properties of ZnO NRs must be thoroughly understood to effectively use the
CdTe layers. Besides, the parasitic absorption needs to be known to realize the
limitations of the geometrical configurations. For this purpose, the haze analysis,
equivalent CdTe thickness analysis, parasitic absorption analysis and interference

effect analysis have been performed and given in the following sub-chapters.
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Figure 3.2: The MAPC of ETA and buried CdTe solar cells for different NR geometrical
configurations

3.2.1 Haze Analysis of ZnO/CdS NRs
One of the advantages of employing the ZnO NRs coated with the CdS window
layer in CdTe solar cells is the high light scattering and light trapping properties
obtained by the NRs. The light scattering performance of NRs must be understood to
use the NRs with full benefit. For this purpose, the light scattering capabilities of NR
structures are quantified with the haze term which refers to the scattered portion of the
18



incident light after passing through the ZnO/CdS NRs. An illustration of haze is shown
in Fig. 3.3 for ZnO/CdS NRs. Haze is a wavelength dependent parameter, hence, haze
changes throughout the spectrum, and must be examined spectrally. The spectral
distribution of haze from ZnO/CdS NRs provides information on light trapping
capability and, hence, the absorption in CdTe. However, the haze term is not directly
correlated with the absorption in the CdTe and must be examined in caution. Other
factors that affect the absorption in CdTe is the total CdTe amount in the solar cell,
parasitic absorption in CdS and Au layers, and interference effects occurring in the
solar cell, which will be discussed in latter sections. The haze of nanostructured
textures depends on the dimensions of the nanostructures such as the height, diameter,
density and angular deviation from the vertical axis. In this work, the diameter of the
NRs is kept constant and the relation of haze with height, density and angular deviation

are investigated.

Direct Transmission
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Figure 3.3: An illustration of haze caused by the light to pass through the ZnO/CdS NRs.

The ZnO/CdS NRs were built in the FDTD simulation domain and the
structures were optically simulated with the light incident from the glass side. The
transmittance of light through TCO layer and the NRs was obtained from the
transmittance monitor and the monitor data was used to separate the direct
transmittance and haze. The absorption in CdS layer was also obtained from the
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absorption monitors to investigate the enhanced parasitic absorption in CdS layers
with increasing haze. The haze spectra and CdS absorption spectra of various NR

geometries are given in Fig. 3.4.

Fig. 3.4.a shows the effect of NR height on the haze and CdS parasitic
absorption. There is a ten-fold increase of the haze maximum when 500 nm-tall NRs
are made 2000 nm-tall. The large increase in the haze peak shows the potentially better
light scattering properties of taller NRs. The haze strength at relatively longer
wavelengths are particularly important because the absorption coefficient of CdTe is
smaller at longer wavelength, emerging a need for better light scattering. The haze
strength at long wavelength is higher for 2000 nm-tall NRs compared to that of 500
nm-tall and 1000 nm-tall NRs, implying a need for taller NRs for an optical absorption
enhancement in the CdTe layer. The parasitic absorption in CdS for ZnO/CdS NRs
also increases with NR height because stronger haze of NRs enhances the absorption
in CdS and for taller NR configurations the CdS amount is higher. High parasitic

absorption at short wavelength causes a red-shift of the haze peak.

The NR density provides a significant increase in the haze strength, as shown
in Fig. 3.4.b. Although the haze peak is red-shifted due to high parasitic absorption at
high NR densities, similar to increasing NR height, the haze strength at relatively long
wavelengths is apparently higher. The high parasitic absorption in CdS at high NR
densities is similarly attributed to the enhanced haze and CdS amount in the structure.

The increasing angular deviation of the ZnO/CdS NRs increases the haze
strength, as seen in Fig. 3.4.c but the parasitic absorption in CdS is not significantly
boosted. The peak haze strength increases from 0.05 to 0.2 when angular deviation of
NRs is increased from O degrees to 20 degrees at 530 nm. The red-shift that was
observed increasing NR height and density is not observed for increasing angular
deviation because the enhancement of the parasitic absorption in the CdS layer is
insignificant compared to the previous cases because the CdS amount in the structure
stays the same for constant NR height and density. Therefore, the haze increases at a

small cost of parasitic absorption.
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In conclusion, haze increases with all three geometrical parameters; the NR
height, density, and angular deviation. The enhancement in the parasitic absorption
values in the CdS layer in Fig. 3.4 drastically decrease after embedding the CdTe layer
due to a better refractive index matching of CdS and CdTe than CdS and air.
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Figure 3.4: The haze and parasitic absorption in CdS with respect to (a) NR height for a
density of 20 rods/um2 and an angular deviation of 10 degrees, (b) NR density for a height

of 1000 nm and an angular deviation of 10 degrees, and (c) NR angular deviation for a
height of 1000 nm and a density of 20 rods/um?
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The calculated and measured haze spectra were compared for a structure with
ZnO NR height and density of 1400 nm and ~50 rods/um?, respectively, as shown in
Fig. 3.5. The CdS layer of ZnO/CdS NRs was 20 nm-thick. The simulated and
measured haze spectra of both ZnO NRs and ZnO/CdS NRs show a good agreement.

Hence, it can be said that the simulation methodology applied for haze is valid.

70 N | I I | I I | i
| PN
I ~ — — Simulated
60 ZnONRs __ Experimental]
50| : i
~ ZnOICAS NRs ____ pimaiated
X - —— Experimental
~ 40+ -
(0}
cNU I
T 30} s
20 F -
10 ST
0 J ﬂ/l ] I ] ] I

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 3.5: Experimental and simulated haze data of ZnO and ZnO/CdS NRs

3.2.2 Equivalent CdTe Thickness Analysis

The evaluation of the optical performance with various geometrical
configurations requires the knowledge of the CdTe amount used in the solar cell,
besides the haze of the ZnO/CdS NRs. The amount of total CdTe used in a solar cell
structure is defined by the equivalent CdTe thickness. Equivalent thickness refers to
the thickness of the CdTe layer of a planar CdTe solar cell having the same amount of
CdTe material with the nanostructured solar cell. Fig. 3.6 visualizes the equivalent
CdTe thickness by showing a nanostructured and a planar solar cell with the same

volume of CdTe.
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Figure 3.6: lllustration of equivalent CdTe thickness calculation

The geometrical configuration of ZnO NRs directly affects the equivalent
CdTe thickness. The change of the equivalent thickness with respect to NR height,
density and angular deviation is shown in Fig. 3.7.a, b, and c, respectively. The CdTe
equivalent thickness is directly proportional with NR height, as seen in Fig. 3.7.a, since
the increasing heights of the NRs increase the height of the solar cell. The NR density,
on the other hand, shows the opposite trends for equivalent CdTe thickness of ETA
and buried solar cells, as shown in Fig. 3.7.b. For ETA solar cells, higher ZnO NR
densities provide larger surface area for the CdTe layer to grow. For the buried solar
cells, the increasing ZnO NR density causes a reduction in the total volume of the gaps
between ZnO/CdS NRs, leaving less space for the buried CdTe to grow. The resultant
equivalent thickness is, hence, decreased. The angular deviation of the NRs, on the
other hand, has negligible effect on the CdTe equivalent thickness, as shown in Fig.
3.7.c. For constant heights and densities of NRs, the total area on which CdTe grows
is constant, independent of the angular deviation. The slight deviations of the
equivalent thickness with angular deviation is caused by the interception of ZnO tips
into one another as the angular deviation increases. Although the interception occurs
randomly due to the random angular deviation of each NR, the slight variation in the
equivalent thickness is insignificant.
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Figure 3.7: The equivalent CdTe with respect to (a) NR height for a density of 20 rods/pm?2
and an angular deviation of 10 degrees, (b) NR density for a height of 1000 nm and an
angular deviation of 10 degrees, and (¢) NR angular deviation for a height of 1000 nm and a
density of 20 rods/um?.

3.2.3 CdTe Absorption Analysis and Parasitic Losses

In an ideal solar cell, the absorption only takes place within the semiconductor
absorber material, which is CdTe in a CdTe solar cell. Any absorption taking place in
other layers will have little or no contribution to the photo-current. The parasitic
absorption mechanism of the ETA and buried solar cells, therefore, needs to be
identified.

The parasitic absorption in Au layer for ETA and buried solar cell structures
are shown in Fig. 3.8. For the buried solar cell structure, the parasitic absorption in Au
is insignificant with the highest absorption of 3.5 % occurring at 845 nm since the Au
layer in a buried solar cell is planar and free of plasmonic effects. The parasitic
absorption in Au for the ETA solar cell structure is also shown with a completely Au
filled ETA solar cell structure to emphasize the effect of complete Au filling. The ETA
solar cells absorb significantly higher than buried solar cells especially at long
wavelengths, especially in the completely Au filled case. The high absorption is
attributed to the plasmonic effects of the sharp Au edges and the Au surfaces lying in
the direction of light propagation in ETA solar cell structure. These sharp edges are
formed because of the NRs penetrating into the Au layer but their effects are
suppressed by partial PMMA/Au filling which reduces the amount of sharp Au edges.
The absorption spectra in Au reveals the relatively high losses in ETA solar cell

structure which must be taken into account in the solar cell design procedure.
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Figure 3.8: The parasitic absorption in the Au layer for 3 solar cell structures with NRs of
1000 nm height, 10 degrees of angular deviation and 20 rods/um? density.

ZnO and CdS have band gaps of 3.3 and 2.4 eV, respectively, corresponding
to the energy of photons with 380 and 520 nm wavelengths. Therefore, light with
relatively short wavelength faces parasitic absorption in ZnO and CdS. In the haze
analysis in section 3.2.1, it was shown that increasing haze of NRs boosted the
parasitic absorption in the CdS layer. Although the CdS parasitic absorption decreases
drastically after embedding the CdTe layers (will be shown), the parasitic absorption

is still a limiting factor when choosing the NR geometry.

The absorption spectra of each layer for 3 ETA and 3 buried solar cell
structures are given in Fig. 3.9. The dashed lines indicate the 520 nm wavelength (band
gap of CdS) below which the parasitic absorption is high. The absorption in each layer
is weighted with the solar spectrum by the Eq. 3.1 and the result is referred to as the
weighted absorption. The weighted parasitic absorption of ITO, ZnO and CdS layers
are given on the left most side of the graphs while the weighted parasitic absorption
in Au is shown on the right most side for ETA solar cells. The weighted absorption in
CdTe (can also be called MAPC) is calculated for 300-520 nm and 520-850 nm

wavelengths of the spectrum and given on the left-hand side and right-hand side of the
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dashed lines, respectively. Fig. 3.9.a and b compare the effect of NR height for ETA
solar cells with angular deviation and NR density kept constant. The increasing NR
height from 500 nm to 2000 nm causes an increase in the weighted parasitic absorption
in ITO, ZnO and CdS layers by 0.08 mA/cm? and a decrease of 0.04 mA/cm? in the
weighted absorption of CdTe layer at short wavelengths. For the longer wavelength
region than 520 nm, the weighted absorption enhancement in CdTe is 1.17 mA/cm?
while the weighted absorption in Au decreases from 2.47 to 1.11 mA/cm?, meaning
that the optical advantage at long wavelengths can easily compensate for the losses at
short wavelengths. The comparison of Fig. 3.9.b and c reveals effects of NR density
on the absorption spectra. An increase in the NR density from 20 to 50 rods/um? causes
an increase in the ITO, ZnO and CdS weighted parasitic absorption to 2.0 mA/cm2
and lowers the weighted absorption in CdTe at short wavelengths by 0.1 mA/cm?. The
gain of weighted absorption in CdTe at long wavelength region, however, is 1.33
mA/cm? which accounts for the parasitic losses at short wavelengths. One can
conclude that absorption in CdTe in ETA solar cells improve significantly with height
and NR density.

The buried solar cells show similar trends in terms of weighted parasitic
absorption in ITO, ZnO and CdS layers and weighted absorption in CdTe layers with
respect to NR height as shown in Fig. 3.9.d and e. The increasing NR height slightly
decreases the weighted absorption in CdTe at short wavelengths but the gained
weighted absorption at long wavelengths can account for the losses. For NR density,
the total weighted absorption in CdTe is 27.22 mA/cm? for 20 rods/um? NR density
(Fig. 3.9.e) while it is 27.21 mA/cm? for 50 rods/um? NR density (Fig. 3.9.f). This
result shows that the density variations at 2000 nm-tall NRs do not show an increase
in the weighted absorption in CdTe. The variation of MAPC for buried solar cells with
respect to NR density for constant angular deviation and NR heights, given in Fig. 3.2,
demonstrates that the effect of NR density is dependent on the NR height and angular
deviation. Hence, it is concluded that the analysis of haze, equivalent CdTe thickness
together with the absorption spectra provided in Fig. 3.9 are required.
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Figure 3.9: The absorption spectra in each layer of ETA and buried solar cells for 3 NR
geometrical configurations for each structure.

The photo-generation profiles of the buried solar cells, whose absorption
spectra are given in Fig. 3.9.d, e and f, are shown in Fig. 3.10. The absorption in the
solar cell with 500 nm-tall NRs and 20 rods/um? density (Fig. 3.10.a) is uniform within
the CdTe layer since the solar cell is thin. A closer inspection shows that the photo-
generation is larger than 10%* cm™ in the CdS layer at the bottom of the solar cell
structure and larger than 10'° cm™ in the ZnO layer at the bottom of the NRs.
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Considering that ZnO and CdS absorb at <520 nm wavelengths, this indicates that
most of the parasitic losses occur within tens of nanometers at short wavelengths. For
solar cells 2000 nm-tall NRs and 20 rods/um? density (Fig. 3.10.b), the parasitic
absorption profile in ZnO and CdS layers are similar to that of the solar cells in Fig.
3.10.a. This result shows the similar values of weighted parasitic absorption shown for
500 and 2000 nm-tall solar cells (Fig. 3.9.c and d). The upper part of the solar cell in
Fig. 3.10.b shows the disorderly interference patterns in the photo-generation, which
is attributed to the light trapping properties of this solar cell structure. In the solar cell
structure with 2000 nm-tall NRs and 50 rods/um? density (Fig. 3.10.c), the strength of
the disorderly formed photo-generation at the top parts of the solar cell is stronger than

that of the solar cell in Fig. 3.10.b. The enhanced light trapping property is in

agreement with the haze spectrum given in Fig. 3.4.b.

log,o(Generation)
(cm3.s1)
22

Figure 3.10: Photo-generation profiles of buried solar cells with (a) 500 nm-tall, 10-degree
angularly deviated and 20 rods/um? dense NRs, (b) 2000 nm-tall, 10-degree angularly
deviated and 20 rods/um? dense NRs and (c) 2000 nm-tall, 10-degree angularly deviated and
50 rods/um? dense NRs.
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3.3 Overview of the Optical Performance

3.3.1 ETA CdTe Solar Cells

As it was discussed in section 3.2.1, the haze of the ZnO/CdS NRs increase
with all of the three geometrical parameters. The equivalent CdTe thickness also
increases with NR height and density, but stays unchanged with angular deviation.
Hence, both NR height and density enhance the absorption in CdTe. These findings
are confirmed by the trends in Fig. 3.2. The parasitic absorption enhancement in ITO,
ZnO and CdS layers with respect to NR height, given by the absorption spectra in Fig.
3.9.a and b, was shown to be relatively unimportant. The parasitic losses with respect
to NR density, on the other hand, are compensated for at long wavelengths, as shown
in Fig. 3.9.b and c. As a consequence, the MAPC values of ETA solar cells directly
increase with NR height and density. Despite the improving absorption in CdTe, one
should consider the equivalent CdTe thickness for the comparison of optical
performance with the consumed material. Table 3.1 shows the MAPC, equivalent
CdTe thickness and the thickness of a planar solar cell with the same MAPC for 5
different ZnO NR geometrical configurations. For 1000 nm-tall ETA solar cells with
10 degrees of angular deviation, the solar cells numbered from 1 to 3, the MAPC
steadily increases with NR density at the cost of an equivalent thickness increase from
108 nm to 451 nm. The enhancement factors of these solar cells range from 1.22 to
1.28, indicating a net improvement at material consumption. For the solar cells with
2000 nm-tall and 10 degrees of angular deviation, the solar cells numbered 4 and 5,
the MAPC increases with NR density. Although the MAPC values of 2000 nm-tall
NRs are slightly higher than their 1000 nm-tall counterparts, the equivalent CdTe
thickness of the solar cells with numbers 4 and 5 are 601 and 802 nm, respectively.
The enhancement factors of these solar cells, on the other hand, are lower than 1,
meaning that a planar solar cell with less CdTe volume can achieve the same MAPC.
Hence, the MAPC enhancement in the 2000 nm-tall ETA solar cells due to haze does

not account for the increasing equivalent CdTe thickness.
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Table 3.1: The MAPC, equivalent CdTe thickness, planar CdTe thickness to achieve the
same MAPC and enhancement factor for 5 NR geometrical configurations of ETA solar

cells.
Sample | ZnO NR Geometry MAPC Equivalent Planar CdTe Enhancement
(Height, Angular (mA/cm?) CdTe thickness to factor
Dev., Density) Thickness | achieve the same
(nm) MAPC (nm)

1 1000 nm, 10, 19.54 108 138 1.28
5 rods/um?

2 1000 nm, 10, 24.04 312 382 1.22
20 rods/um?

3 1000 nm, 10, 25.44 451 557 1.24
50 rods/pm?

4 2000 nm, 10, 24.52 601 404 0.67
20 rods/pm?

5 2000 nm, 10, 25.81 802 697 0.87
50 rods/pm?

In conclusion, the performance of ETA solar cells depends more on the CdTe
amount than the haze of ZnO/CdS NRs. The ETA solar cells do not efficiently benefit
from the light trapping effects of ZnO NRs. Besides, they are disadvantageous at
achieving high efficiencies due to the relatively low MAPCs with the highest being

less than 26 mA/cm?2.

3.3.2 Buried CdTe Solar Cells

Buried CdTe solar cells achieve higher MAPC than ETA solar cells, seen from
Fig. 3.2., which makes them a more preferable candidate for large scale energy
production. The MAPCs of the buried solar cells were observed to increase with NR
height and angular deviation. The NR density, despite increasing the haze, decreases
the equivalent CdTe thickness. Hence, the NR density plays an important role in tuning
the equivalent thickness at the cost of haze. The MAPCs, equivalent CdTe thicknesses
and planar CdTe thicknesses to achieve the same MAPC of 6 buried CdTe solar cells
structures are given in Table 3.2. For the 1st, 2nd and 3rd solar cells with 2000 nm NR
height and 10 degrees of angular deviation, the MAPC first slightly increases with an
increasing NR density from 5 to 20 rods/um? but decreases with the change from 20
to 50 rods/um?. The first increase in MAPC is attributed to the higher haze of 20
rods/um? dense NRs than 5 rods/um? dense NRs despite a reduction in the equivalent

CdTe thickness from 1035 nm to 916 nm. However, the solar cell with the NR density
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of 50 rods/um? fails to compensate for the reduced equivalent CdTe thickness to 641
nm despite the highest haze due to the densest NRs. The MAPCs of the 4th, 5th and
6th solar cells are almost the same despite a reduction in the equivalent CdTe thickness
from 1992 nm for the solar cell with 5 rods/um? density down to 1298 nm for the solar
cell with 50 rods/um? density. Comparing the 1st, 2nd and 3rd solar cells with 4th, 5th
and 6th solar cells, increasing the height of the NRs from 1000 to 2000 nm and the
angular deviation from 10 degrees to 20 degrees significantly increases the
effectiveness of the used CdTe material. While the enhancement factors of 1st, 2nd
and 3rd solar cells are less than 2, the 4th and 5th solar cells have enhancement factors
above 2. The 6th solar cell has the record enhancement factor among the investigated

solar cell structures with a value of 3.99.

Table 3.2: The MAPC, equivalent CdTe thickness, planar CdTe thickness to achieve the
same MAPC and enhancement factor for 6 NR geometrical configurations of buried solar

cells.
Sample | ZnO NR Geometry MAPC Equivalent Planar CdTe Enhancement
(Height, Angular (mA/cm?) CdTe thickness to factor
Dev., Density) Thickness | achieve the same
(nm) MAPC (hm)

1 1000 nm, 10, 26.61 1035 1296 1.25
5 rods/um?

2 1000 nm, 10, 26.81 916 1601 1.75
20 rods/um?

3 1000 nm, 10, 26.37 641 1003 1.56
50 rods/pm?

4 2000 nm, 20, 27.39 1992 4682 2.35
5 rods/um?

5 2000 nm, 20, 27.36 1702 4041 2.37
50 rods/pm?

6 2000 nm, 20, 27.42 1298 5181 3.99
50 rods/pm?

In conclusion, the buried solar cells achieve relatively high MAPCs when tall
NR s with high angular deviations are incorporated. While buried solar cells with 1000
and 2000 nm-tall NRs achieve MAPCs of above 26 and 27 mA/cm?, respectively, the
500 nm-tall NRs perform poor.
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3.4 Alternative to the CdS Window Layer

CdS has been used in the CdTe solar cells as the window layer for a long time.
However, CdS window layer highly absorbs the light with wavelengths shorter than
520 nm due to its band gap of 2.4 eV. Here, an alternative to the CdS layer is proposed.
Mg-doped ZnO layers (MgxZn1xO) can serve as window layers. MgxZn1.xO has a band
gap of nearly 3eV depending on the Mg/Zn ratio. The band gap, electron affinity can
be tuned by changing the Mg/Zn ratio. The refractive indices of MgxZn1.xO were taken
from [57] for x=0.1. To demonstrate the reduction in the parasitic absorption in the
window layer, two buried solar cell structure with 20 nm-thick CdS and Mgo.1Zno.9O
layers around 470 nm-tall ZnO NRs were simulated and the photo-generation profiles
are given in Fig. 3.11. The thickness of the CdTe layer buried layer in these structures
are 830 nm. The structure with the CdS window layer shows relatively high generation
within the CdS layer, as seen in Fig. 3.11.a. The solar spectrum weighted absorption
in CdS layer is calculated as 2.33 mA/cm? while the MAPC of this solar cell structure
is 24.64 mA/cm?. When the Mgo1ZnooO layer is used as the window layer, the
generation within the window layer get lower, barely separable from the ZnO buffer
layer, as seen in Fig. 3.11.b. The parasitic losses in Mgo.1ZnooO layer with this
configuration is only 0.25 mA/cm?, allowing a MAPC of 26.75 mA/cm?. Hence, the
replacement of the window layer with a less absorbing material is optically beneficial
to avoid parasitic losses. However, inclusion of Mgo.1Zne9O as the window layer in
CdTe solar cells is yet to be applied and the Mg/Zn ratios of such structures is to be

optimized.
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Figure 3.11: The photo-generation profiles of buried CdTe solar cells with (a) 20 nm-thick
CdS window layer and (b) 20 nm-thick Mgo.1Zno.sO layer.
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CHAPTER 4

ELECTRICAL OPTIMIZATION OF NANOSTRUCTURED SOLAR CELLS

4.1 Electrical Simulation Methodology

The electrical simulations were performed with Silvaco ATLAS. The
simulations were used to obtain collection efficiency and Jsc of the solar cell structures.
The electrical simulations were done assuming 2-D vertical and periodic ZnO NR
structures, unlike the randomly oriented NRs for the optical simulations that were
performed in 3-D. The vertical and periodic structure assumption makes the meshing
of the structure easy and substantially reduces the computational cost. The oblique and
random structures are challenging to be solved with Silvaco ATLAS due to difficulty
in meshing and divergence problems when solving the governing equations. While the
randomness and angular deviation of ZnO NRs change the optical properties of the
solar cell structures, the absence of random and angularly deviated NRs is assumed
not to affect the charge collection and Jsc of the solar cells. The effect of the changing
distance between NRs due to the random orientations of NRs is assumed to average
out on the large scale. A similar electrical analysis has been done in a study in which
the effect of changing geometries of periodic CdS nanopillars on the CdTe solar cell
performance was analyzed [58]. The attention was paid to the changing trends with

respect to varying geometrical and material parameters.

The procedure to create and simulate the periodic NR structure from the
randomly oriented ZnO NRs is given in Fig. 4.1. Firstly, the average distance between
the NRs is found from the density of the random NRs, as shown in Fig. 4.1.a. Then,
the 2-D periodic structure is established for ETA (Fig. 4.1.c) and buried (Fig. 4.1.d)
CdTe solar cell structures, as seen in Fig. 4.1.b and c, respectively. Then these 2-D

structures are built in the optical simulation domain and the photo-generation profiles
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are obtained. The solar spectrum weighted absorption is calculated in each layer in
terms of mA/cm? by integrating the solar irradiance with the absorption spectrum of
each layer. The optical results of the periodic and vertical structures differ from the
random and angularly deviated structures which were discussed in Chapter 3. To
compensate for this difference, the photo-generation profile in each layer is linearly
scaled with the ratio of solar spectrum weighted absorption of periodic and random
NRs. After the scaling, both periodic and random structures give the same solar
spectrum weighted absorption. The scaled photo-generation profiles are then fed into
the electrical simulations as the input. Then, the simulation is run and the charge
collection is solved to obtain Jsc of the desired solar cell structures.
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Figure 4.1: An illustration of electrical simulation methodology. (a) The randomly oriented

NRs are turned into (b) periodic NRs. The periodic NRs are used to build (c) ETA and (d)

buried solar cells. The photo-generation profiles of periodic solar cells are obtained, scaled
and fed into electrical simulations to obtain Js.
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4.2 Electrical Simulation Parameters

The material parameters and defect parameters for the electrical simulation
were selected from the literature for ITO, ZnO, CdS and CdTe [59]-[63] and given in
Table 4.1 and 4.2, respectively. The work functions of both anode and cathode were
set to 5.1 eV and the surface recombination velocities for both electrons and holes are
set to 107 cm/s at anode and cathode interfaces.

Table 4.1: The material properties of CdTe, CdS, ZnO and ITO for electrical simulations.

Parameters CdTe CdS ZnO ITO
Bandgap (eV) 1.45 242 3.37 3.65
Electron Affinity (eV) 4.3 4.5 4.5 4.8
Relative dielectric permittivity 94 10 9 8.9

Conduction Band effective DOS (cm™®) | 7.9x10Y7 | 2.2x10% | 2.2x10*® | 5.2x10%8

Valance Band effective DOS (cm) 1.3x10'° | 1.8x10% | 1.8x10% | 1x10®

Electron Mobility (cm?/V.s) 50 100 100 10
Hole Mobility (cm?/V.s) 20 25 25 10

Doping Type and Density (cm™) p—101-10 | n—10Y | n—10 | n—10%

Table 4.2: The defect parameters of CdTe, CdS and ZnO

Parameters CdTe CdS ZnO
Type Neutral Neutral Neutral
E cross section (cm?) 1x10% 1x10Y 1x10%
H cross section (cm?) 1x10% 1x10%? 1x10%?
Energetic distribution Single Single Single
Ref. for energy defect Above E, | Above E, | Above E,
Energy level w.r.t. Reference (eV) | 0.725 121 1.68
Defect density (cm) 1x10% 1x10'® 1x10Y
SRH Lifetime (ns) 10 - -

The effects of ZnO NR geometry, type of the solar cell (ETA and buried), the
p-type doping density of CdTe (Na) and surface recombination velocity of the
CdS/CdTe interface on the Jsc of the solar cell structures are analyzed. The ZnO NRs
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were varied for 3 NR heights (500, 1000 and 2000 nm) and 3 NR densities (5, 20 and
50 rods/um?). The ZnO seed layer was kept as 30 nm and CdS layer is kept as 15 nm
as in the optical simulations. The ETA and buried solar cells were created for each
ZnO NR configurations. Na was assigned with values of 10%°, 10'® and 10'" cm™ to
see the effect of the lowly doped, moderately doped and highly doped CdTe bases.
The surface recombination velocities of both electrons and holes between CdS/CdTe

interface were changed from 10 cm/s to 107 cm/s.

4.3 Electrical Simulation Results

The simulation results of the buried and ETA CdTe solar cells are given in this
sub-chapter for different geometrical configurations of ZnO NRs and various doping

densities and surface recombination velocities.

4.3.1 Buried Solar Cells

When p-type and n-type semiconductor material contacts, there forms a p-n
junction. At the p-side of the material, there exists ionized dopants with negative
charges while for the n-side, the ionized dopants with positive charges exist. The
charge difference of the two sides create an electric field between the two materials.
This electric field opposes to the diffusion of majority charge carriers into the region
where they are minority carriers. As a result, the space charge region (SCR) is formed
at the vicinity of the two layers. In this study, the n-type material is CdS while the p-
type material is CdTe. N-type doping with 1x10%" cm™ density was assumed for CdS.
Since the CdS doping density is constant, the increasing p-type doping densities in the
CdTe reduces the thickness of the SCR in the CdTe region by easily counteracting the
field formed in the CdS region due to higher density of ionized dopants. Reducing
CdTe doping density, on the other hand, causes the SCR to penetrate deeper into the
CdTe layer.

To understand the charge collection mechanism in buried solar cells, the band
bending within the CdTe layer with 3 doping densities is presented in Fig. 4.2. The
band bending is shown only in the CdTe layer and not in the NRs. The band bending

refers to the changing of the conduction band energy with respect to a reference level.
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The band structure of CdTe material steeply changes in the SCR. For the doping
density of 1x10™° cm™, the SCR penetrates deep into the layer while increasing doping
densities reduces the SCR region. For the doping density of 1x10' cm=3, the SCR is
confined within a thin shell around the NRs. Adjusting the location of the SCR is
crucial since the charge collection depend on it. Ideally, an electron-hole pair created
in this region must be collected with a very high efficiency. The electrons are collected
from the NRs, while the holes must travel to the rear contacts. Considering that most
of the generation occurs close to the front contact, as was shown in Fig. 3.9, the paths
of the holes are much longer than that of electrons. In the case of 1x10%° cm™ doping
density, the holes have to travel a long path from the point they are minority carriers
to the point where they become majority carriers. The long path with highly
recombinative CdS/CdTe surfaces causes a loss of charges along the way. For high
doping densities such as 1x10! cm, on the other hand, the holes must only travel a
short path until they are collected become majority carriers. For electron, the path
length does not significantly change with doping density since the electron-hole pairs
are generated close to the NR surface and electrons are efficiently collected in each
case. For planar solar cells, unlike the NR-based solar cells, the electron path length
also changes with

1x10" cm-3 1x1016 cm™3 1x1017 cm-3 Band(g\cle;ding

dTe
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Figure 4.2: Band bending in the CdTe layer for doping densities of 1x10%°, 1x10 and
1x10% cm for a NR geometry of 500 nm height and 5 rods/um? density [courtesy of Deniz
Tirkay]

0

39



The Jsc of the buried CdTe solar cells are given with respect to CdS/CdTe
surface recombination velocity in Fig. 4.3 along with the Jsc of the planar solar cells
with the same amount of CdTe absorber for comparison. Fig. 4.3.a shows the Jsc of the
buried solar cells with 2000 nm-tall NR. For 2000 nm-tall NRs, the 1x10® cm™ doping
density degrades performance resulting in Js; less than 10 mA/cm? for all NR densities
for the reasons discussed in Fig. 4.2. For 20 rods/um? NR density, a Jsc of >27 mA/cm?
was obtained up to a 10° cm/s surface recombination velocity with 1x10' cm doping
density but lower doing densities degraded the performance. For 5 rods/um? NR
density, however, even 1x10% cm= doping density can provide a Jsc of >27 mA/cm?
for a surface recombination velocity as high as 10* cm/s. Fig. 4.3.b shows the Js; of
the solar cells with the same CdTe amount as the solar cells in the Fig. 4.3.a. The
highest Jsc obtained by using the same material amount is ~23 mA/cm? for the 1x10%
cm doping density. The NR-based solar cells outperform their planar counterparts
for 5 rods/um? NR density with moderate or high doping density or for 20 rods/um?
NR density for 5 rods/um? with high doping density.

The Jsc of buried solar cells with 1000 nm-tall NRs are shown in Fig. 4.3.c. The
performance of 1000 nm-tall solar cells show a similar trend to that of 2000 nm-tall
solar cells by showing a need of 5 or 20 rods/um? NR density. Although 1000 nm-tall
solar cells are outperformed by 2000 nm-tall solar cells, they can achieve Js as high
as 26 mA/cm? with 5 or 20 rods/um? NR density. Again, 1x10% cm= doping density
is sufficient to achieve a high Jsc when 5 rods/um? NR density is used. In Fig. 4.3.d,
the Jsc of the planar solar cells with the same amount of CdTe are shown. The NR-
based solar cells can, again, outperform their planar counterparts for 5 rods/um? NR
density with moderate or high doping density or for 20 rods/um? NR density for 5
rods/um? with high doping density.

In Fig. 4.3.e, the Jsc of the solar cells with 500 nm-tall NRs are shown. The 5
rods/um? NR density shows the highest Jsc with a value of 25.5 mA/cm? with a doping
density of 1x10® cm™. Even a doping density of 1x10*® cm™ can perform as high as
25 mA/cm? provided that the surface recombination velocity stays under 10% cm/s.

Fig. 4.3.f shows the planar solar cells with the same amount CdTe. In 500 nm-tall NR
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case, it is seen that, in general, utilization NR-based is not advantageous over planar

solar cells.
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Figure 4.3: The Jsc vs. CdS/CdTe surface recombination velocity for buried solar cells with

(a) 2000 nm-tall, (c) 1000 nm-tall and (e) 500 nm-tall. The Js. of the planar solar cells with

the same amount of CdTe are given corresponding to the (b) 2000 nm-tall, (d) 1000 nm-tall
and (f) 500 nm-tall NR cases.
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4.3.2 ETA Solar Cells

The charge collection mechanism of the ETA solar cells differs from that of
buried solar cells. The discussion given for the band bending of the buried solar cell
cannot easily be applied to ETA solar cells because in ETA solar cells the absorber is
only 40 nm-thick while in buried solar cells the CdTe bulkier allowing the formation
of SCR within the CdTe layer. The high doping density in ETA solar cells increase
the hole density within the CdTe layer, increasing the charge collection by reducing

the recombination of holes.

The Jsc of the ETA solar cells with respect to CdS/CdTe surface recombination
velocity are shown in Fig. 4.4. The Jsc of the ETA solar cells are lower than that of
buried solar cells for all the geometrical configurations. The Jsc of ETA solar cells with
2000 nm-tall NRs are seen in Fig. 4.4.a. The Js values of 2000 nm-tall solar cells
suffer if the doping density of 1x10%° cm™ is not used. This shows that the thin shell
of CdTe in ETA solar cells are highly recombinative if the doping density is not high.
This is evident from the sharp decrease in the Jsc with respect the CdS/CdTe surface
recombination velocity. The planar solar cells with same CdTe amount is provided in
Fig. 4.4.b. The ETA solar cells are outperformed by the planar solar cells if a very low
CdS/CdTe surface recombination velocity is not achieved while maintaining high

doping density.

The Jsc of 1000-nm tall (Fig. 4.4.c) and 500 nm-tall (Fig. 4.4.e) ETA solar cells
show similar trends to that of 2000 nm-tall solar cells. The doping density of 1x10Y
cm is required to achieve Jsc of 20 mA/cm?. The sharp decline of Jsc with respect to
CdS/CdTe surface recombination velocity decreases with decreasing NR height since
the path length of holes are short for short NRs. The Jsc values of corresponding planar
solar cells with the same amount of CdTe, Fig. 4.4.d and f, show that even planar solar
cells with doping density of 1x10% can outperform the ETA solar cells up to a high

CdS/CdTe surface recombination velocity of 10° cm/s.
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4.4 Overview of the Electrical Performance

The results presented in section 4.3 revealed the superior performance of
buried solar cells over ETA solar cells. The downside of ETA solar cells is that the

thin CdTe absorber layer is very prone to surface recombination. As a results, very
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high doping densities and very low CdS/CdTe surface recombination velocities, which
are practically difficult to achieve, are required for a successful performance. Even by
fulfilling these requirements, the ETA solar cells mostly perform below the planar

solar cells with the same amount of CdTe.

The buried solar cells showed promising performances in terms of Jsc by
outperforming the planar solar cells with moderate doping density and CdS/CdTe
surface recombination velocities. The buried solar cells with 1000 nm-tall and 2000
nm-tall NRs, especially with 5 rods/um? NR density, can reach and exceed 27 mA/cm?
while the planar solar cells with the same amount of CdTe stay below 25 mA/cm?.
However, the NR density of 5 rods/um? refers to the highest consumption of CdTe.
The buried solar cell with 2000 nm-tall and 5 rods/um? dense NRs has an equivalent
CdTe thickness of 2015 nm. One can reduce the equivalent CdTe thickness for 2000
nm-tall configurations down to 1805 nm by utilizing NR density of 20 rods/um? but
this reduction in CdTe amount brings the need for 101" cm= doping density. Another
alternative is to utilize 1000 nm-tall NRs with 5 rods/um?, whose equivalent CdTe
thickness is around 1050 nm. This configuration allows achieving ~27 mA/cm? with
10%® cm doping density. The equivalent CdTe thickness reduces to 945 nm when a
NR density of 2 rods/um? is utilized but this modification requires 10*” cm doping

density.
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CHAPTER 5

MATERIAL CHARACTERIZATION OF CDTE LAYERS

5.1 Definition of the Samples

The samples that were characterized in this study were fabricated by at Center
for Solar Energy Research (CSER), Swansea University. The characterization
techniques were applied to observe the effect of increasing doping densities on the
crystal quality of CdTe layer. The applicability of the high doping levels to the CdTe
layers, whose necessity was discussed in Chapter 4, were analyzed. The material
characterizations were done in facilities of the Center for Solar Energy Research and
Application (GUNAM) in METU, METU Central Laboratory and CSER. The samples
contained CdCl treated CdTe planar layers with 4 different dopant concentrations on
CdznS window layer on ITO/Glass superstrates. The CdTe and CdZnS layers were
deposited by MOCVD and doped during growth. The samples with 4 different dopant
concentrations were analyzed to observe the effect of doping on material properties.
The CdTe/CdznS/ITO/glass samples, referred to as the CdTe samples, were doped
non-uniformly, hence, the dopant concentration changes with respect to position. The
layer structure belongs to the superstrate type CdTe solar cell structure without the
rear contact to allow characterization of the rear surface prior to contact metallization.
Additional to the CdTe samples, CdZnS samples, which consisted of both as-grown
and CdCl; treated CdZnS layers on ITO/glass superstrates to see the effect of CdCl;
treatment on the CdZnS window layer, were also analyzed. Each characterization
technique is given with a brief introduction and the obtained results are discussed.
Additional to the planar CdTe characterization, the J-V curves of a NR-based CdTe
solar cell device and a planar solar cell device were measured to deduct the

efficiencies.
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5.2 Material Characterization Techniques

The CdTe and CdZnS samples were characterized by secondary ion mass
spectroscopy (SIMS), Raman spectroscopy and scanning electron microscope (SEM)
images with an emphasis on CdTe samples. More discussion on CdZnS given in sub-

chapter 5.3.

5.2.1 Secondary lon Mass Spectroscopy

Secondary ion mass spectroscopy is a characterization technique to trace
elements in a solid material. An ion beam is incident on the specimen. The ion
bombardment causes sputtering of the atoms on the surface of the specimen. The
mass/charge ratio of the sputtered atoms are detected and the atom is identified
accordingly. The sputtering rate is usually a few nm/sec. Long ion bombardments can
be used to obtain information from the deep parts of the specimen [64]. In this part,
the As atomic concentration measured with SIMS is given. The SIMS profiling was

done through the CdTe layers from rear to front surface of the samples.

The SIMS profiling is done on the CdTe layer starting from the rear CdTe
surface, as shown in Fig. 5.1.a. The SIMS profiles are given in Fig. 5.1.b for the 4
different As dopant concentration. The samples are named after the dopant
concentrations in the middle parts of the sample where the concentration is almost
constant. The sample with 1x10'® c¢cm™ dopant concentration was intended to be
undoped but during the process it was unintentionally doped. The dopant
concentration is around the detection level, hence, the As atom concentration
fluctuates around 1x10%* cm3. The samples with dopant concentrations of 3x10% cm
3 4x10™ cm™ and 1x10° cm have high As counts until 300 nm deep from the rear
surface. The reason for high dopant concentration at the rear surface is to avoid
formation of highly resistive layer near the back contact after solar cell formation. The
dopant concentrations of CdTe samples decrease at deeper levels of CdTe, close to the
CdznS window layer. This type of non-uniform dopant concentration is expected to

causes a bended band structure to promote easier collection of charge carriers.
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Figure 5.1: The SIMS profile of the CdTe samples

The dopant concentration does not show the active dopants but the As atoms
in a given location. The doping density of the CdTe, which was investigated in the
electrical analysis, differ from the As atomic concentration in the CdTe films. The
information from CSER was that the doping densities of the CdTe films were 7x10%3
cm3, 3x10% cm®, 1x10% cm® and 2x10% cm® for the samples with dopant
concentrations of 1x10® cm3, 3x10%" cm™, 4x10'® cm3 and 1x10%*° cm3, respectively.
Therefore, the activation ratio of dopant atoms ranges between 0.1 and 0.3 %. The
very low dopant activation ratios cause doping of CdTe to be difficult.
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5.2.2 Raman Spectroscopy

Raman spectroscopy is a technique to identify the vibrational and rotational
modes in materials [65]. The Raman scattering, first observed by C. V. Raman in 1928,
is an inelastic scattering mechanism of photons, as a result the energy of the scattered
photons change. The energy change of the Raman scattered photons reveal
information about the phonon modes of the material under analysis which are the
fingerprints of the material [66]. Usually continuous wave lasers are used for
excitation. The reflected light from the material under test goes through a spectrometer
and the spectral intensity of the Raman scattered light is observed. The energy shifts
of the Raman scattered photons are expressed in terms of wavenumbers (cm™).

4 CdTe layers with various dopant concentrations on CdZnS/ITO/glass
superstrates were characterized with Raman spectroscopy. The peaks in the Raman
shift spectrum were identified and compared. Two lasers with 532 and 785 nm
wavelengths were used for excitation. Considering the high absorption in CdTe layer
at this wavelength, the corresponding absorption depths are 110 and 625 nm for 532
and 785 nm wavelength lasers, respectively. The relatively short absorption depth of
532 nm wavelength in CdTe means the data obtained from this measurement carries
information about the shallow region close to the surface of the CdTe layer within a
few hundred nanometers. For 785 nm wavelength laser excitation, on the other hand,
the light penetrates deeper into the sample and the Raman scattered portion of the light
has a higher chance to reach to the detector from the deeper parts of the sample,
meaning that the data obtained from these measurements gives information about the

deeper parts of the CdTe layers more than 1 um from the surface.

The Raman spectra of CdTe samples measured from the glass side with 532
nm wavelength laser for different dopant concentrations of 1x10'® cm3, 3x10'" cm3,
4x10'® cm™ and 1x10%° cm are given in Fig. 5.2. The broad peaks are due to the
photoluminescence of CdzZnS around 532 nm wavelength. Photoluminescence is a
phenomenon where the electrons in a material are excited from the valance band to
the conduction band and during relaxation they give off the excess energy as photons.
The energies of the photons are close to the band gap energy of the material, with some
deviation from the band gap. The higher energy photons than the band gap are emitted
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due to the transition occurring from the higher energy states of the conduction band to
lower energy states in the valance band. Lower energy photons can be emitted due to
the band-tailing (Urbach tails) which causes normally forbidden energy levels within
the band gap to be occupied and less energetic photons to be emitted. The different
shape of the photoluminescence peak of CdZnS for the sample with 3x10'” cm™* shows
that the CdZnS properties are slightly different from the other three. The peak at 300
cm* belongs to CdS phase. The two distinct peaks at round 139 and 165 cm, observed
for all samples, belong to the transverse optical (TO) mode of Te crystals and LO
mode of CdTe, respectively. The Te and CdTe related peaks occur at Raman shifts

lower than 200 cm, so the emphasis is given in this region.
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Figure 5.2: The Raman scattering spectrum of CdTe samples excited with 532 nm
wavelength from the glass side of the samples

Baseline correction was applied to analyze the peaks at lower than 200 cm™
regions without the effect of photoluminescence peak and the Te and CdTe peaks were
fit with a Lorentzian function and are shown in Fig. 5.3. The various dopant
concentrations do not cause a significant change in the locations or intensities of Te
and CdTe related peaks indicated in Fig. 5.3.a. The full width at half maximum
(FWHM) of the Raman peaks give information about the crystallinity of the material.
Usually, single crystalline materials show sharp peaks with small FWHM while highly
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poly-crystalline or amorphous films and highly defective crystals show broad peaks
with large FWHM. The dopant concentrations as high as 1x10'° cm™ does not
significantly change the material quality and crystallinity as can be seen from the
FWHM values which change between 7.3 and 8.3 cm™ for Te peak at 139 cm™ and
9.4 and 9.9 cm™ for CdTe peak at 165 cm™.
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Figure 5.3: The Raman spectra of baseline corrected CdTe samples with dopant
concentrations of (a) 10¢ cm3, (b) 3*10 cm®, (c) 4*10% cm™ and (d) 10%° cm™. The
FWHM of the main Te and CdTe peaks are shown under the peak.

The apparent Te peaks under each measurements indicates that the CdTe films
under investigation are at Te-rich conditions. The main Te peak at 139 cm™ shows the
existence of crystalline phase of Te in the CdTe layer. In a previous study, it was
shown that dopants in CdTe can replace the defects such as Te antisites in CdTe lattice
or Cd vacancies [67], although high dopant concentrations are detrimental since they
can create new recombination centers [68]. The ratio peak intensities of CdTe at 169
cm™* with respect to Te at 139 cm™ are given in Fig. 5.4. The CdTe/Te ratio increases
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with dopant concentration which implies the reduction of crystalline Te phase in the
CdTe film. Assuming the reduction of Te is correlated with the Te related defects in
the crystal CdTe structure, dopants can reduce the defects in the CdTe layer. The
higher dopant concentrations were not observed to degrade the crystal quality, as was

discussed for the FWHM values given in Fig. 5.3.
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Figure 5.4: The ratio of intensities of the CdTe and Te peaks at 165 cm™ and 139 cm?,
respectively.

The Raman spectra of CdTe samples measured from the rear side (CdTe side)
with 785 nm wavelength laser for different dopant concentrations of 106 cm, 3x10%/
cm3, 4x10'® cm™ and 10'° cm™ are given in Fig. 5.5. Unlike the excitation with 532
nm wavelength, the Te related peaks were not observed. The main CdTe peak,
however, was observed at 167 cm™ except for the sample with dopant concentration
of 10 cm3. For the sample without the CdTe peak, a stronger photoluminescence

data was observed.
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Figure 5.5: Raman spectra of CdTe samples measured from the rear side with 785 nm
excitation for (a) 1x10'® cm®, (b) 3x10*" cm, (c) 4x10'® cm™ and (d) 1x10%° cm= dopant
concentration.

The baselines of the measured data in Fig. 5.5 were corrected and the FWHM
of the observed CdTe peaks were compared in Fig. 5.6. According to the Lorentzian
fits on the baseline corrected data, the FWHM value is the smallest for the highest
dopant concentration of 1x10'° cm with a value of 6.9 cm™ as shown in Fig. 5.6.c.
This may imply that the high doping does not show a damaging effect on the rear side
of the sample. The smaller FWHM of the highly doped sample may be attributed to
its more uniform dopant concentration profiles as will be discussed for the SIMS
measurements. The samples with dopant concentrations of 3x10*” cm™ (Fig. 5.6.a) and
4x10'® cm (Fig. 5.6.b) showed broader peaks with FWHM of 8.2 and 8.5 cm™,
respectively. Considering the 625 nm absorption depth of the 785 nm wavelength in
CdTe, the data plotted in Fig. 5.6 is taken within a 1 um deep from the rear surface.
Hence, the small peak position variations due to the changing dopant concentration
may be attributed to the FWHM values observed for the lower doped samples. The
absence of Te peaks shows that the Raman scattering mechanism responsible for Te
makes the observation of Te peaks difficult, if not impossible, under 785 nm

excitation.
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Figure 5.6: The Raman spectra of baseline corrected CdTe samples with dopant
concentrations of (a) 3x10*" cm, (b) 4x10% cm= and (c) 1x10%*° cm= The FWHM of the
main CdTe peaks are shown on the right of the peak.

5.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a field of electron microscopy that
produces images by scanning a focused beam of electron on the surface of a sample
and collecting the electrons after they interact with the sample. SEM gives information
about the topography of the surface of the sample [69]. In this study, the SEM images
of a CdCl; treated CdZnS/ITO/glass sample and CdTe/CdZnS/ITO/glass samples with
4 different dopant concentrations are observed. The SEM images provide information
about the topography of the samples as well as the thicknesses of the planar CdTe

layers.

The top view SEM images of the CdTe planar layers on top of
CdzZnS/ITO/glass are shown in Fig. 5.7 for the 4 samples with different dopant
concentrations of 1x10'® cm (Fig. 5.7.a), 3x10*" cm™ (Fig. 5.7.b), 4x10'® cm™ (Fig.

5.7.c) and 1x10* cm™ (Fig. 5.7.d). The SEM images show rough surfaces for all of
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the samples independent of the dopant concentration. The grain sizes of the
polycrystalline CdTe layer are around 2 — 4 um. The roughness and the grains sizes of
the CdTe layer are similar in all dopant concentrations, which indicates that high
doping concentration does not affect the polycrystalline quality dramatically. It must
be noted that the images are from the rear side of the CdTe layer, hence, the structural
properties of the CdTe differ significantly from the front side.

Figure 5.7: The top view SEM images of the 4 CdTe samples on CdZnS/ITO/glass
superstrates with different dopant concentrations of (a) 10 cm?, (b) 3*10* cm3, (c) 4*10%
cm2and (d) 10%° cm. The scale bar is 5 pm.

The cross-sectional view of the SEM images of the CdTe layers are shown in
Fig. 5.8 for the 4 samples with different dopant concentrations of 1x10'® cm™ (Fig.
5.8.a), 3x10'" cm™ (Fig. 5.8.b), 4x10*® cm (Fig. 5.8.c) and 1x10° cm™ (Fig. 5.8.d).
The thicknesses of the planar CdTe layers are around 4 um. The cross-sectional view
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of the CdTe layers reveal a uniform distribution of CdTe in terms of polycrystalline
CdTe quality and thickness. The samples were scribed with a glass cutter and then
were broken following the scribe mark. The sides can differ due to the non-

uniformities during the breaking process.

lel16 cm3 Glass  C9ZnS MM 317 cm3

1e19 cm?3

Figure 5.8: The cross-sectional view SEM images of the 4 CdTe samples on
CdznS/ITO/glass superstrates with different dopant concentrations of (a) 10% cm, (b)
3*10% cm3, (c) 4*10% cm and (d) 10 cm. The scale bar is 5 pum.

5.3 The CdZnS Window Layer

The Raman spectra of the CdzZnS/ITO layers with the 532 nm wavelength
excitations are given in Fig. 5.9. The as-grown CdZnS/ITO sample shows a sharp
Raman peak at ~300 cm™ which corresponds to the first longitudinal optical mode
(LO mode) of CdS. The other peak of as-grown sample occurs at 600 cm™ which
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corresponds to the second LO mode of CdS. No peaks related to ZnS can be observed,
probably because the absorption in ZnS at 532 nm wavelength much lower than that
of CdS. The CdCl; treated sample, on the other hand, shows no sharp peaks which
indicates that the treatment changes the material properties significantly. A broadened
peak around 300 cm™ shows the existence of CdS. It must be noted that the order of
the obtained signal for these measurements is more than 10-fold. The much higher
signal measured from the treated sample with a broad spectral range indicated that the
signal is due to the photoluminescence of the material. The high and broad intensity

observed in Fig. 5.9 can be assigned to photoluminescence phenomenon of the CdZnS.
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Figure 5.9: The Raman spectra of CdCl; treated and as-grown (magnified 10 times)
CdZnS/ITO samples.

The top view of the CdZnS layer is given in Fig. 5.10. The topography of the
surface is rough with small polycrystalline grains with sizes of ~400 nm. The grains
show that the material has good crystal quality. The as-grown CdZnS layer on
ITO/glass could not be imaged with SEM due to high charging effect usually seen
when taking images from insulator layers. This difficulty shows the significant change
in the film properties following the CdCl; treatment.
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Figure 5.10: The top view SEM image of the CdCl; treated CdZnS layer on ITO/glass. The
scale bar is 2 um.

The transmission spectra through the CdZnS samples are given in Fig. 5.11 for
as-grown and CdCl, treated CdZnS/ITO film on glass, as-grown CdZnS film on glass
and optically simulated CdS/ITO film on glass for comparison. The transmission
spectra of the as-grown CdZnS/ITO and CdZnS films are similar; although these two
samples transmit less than 60 % of the light below 500 nm they do not show a sharp
absorption edge. The interference patterns in the transmission spectra for the two
samples change due to the thickness difference of the CdznS and the existence of the
ITO layer in one of the samples. The CdCl; treated CdZnS/ITO samples, on the other
hand, shows a sharp absorption edge around 500 nm wavelength, indicating an
existence of a band gap around these energy regions. Such a transmission spectrum is
expected from the simulation of CdS/ITO. The similarity of the transmission shows
the CdzZnS is optically similar to CdS after the CdCl, treatment and the optical
parameters of CdS used in the optical analysis performed in Chapter 3 are in

coherence.
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Figure 5.11: Transmission through the as-grown and CdCl; treated CdZnS/ITO film on glass
and as-grown CdZnS film on glass. The light was incident from the CdZnS side and the
detection was made from the glass side. Transmission of the optically simulated structure is
given for comparison with the experimental data

5.4 Efficiency of NR-based CdTe Solar Cells

The efficiencies NR-based CdTe solar cells and planar CdTe solar cells,
fabricated at Swansea University, are discussed in this section. The NR-based CdTe
solar cells consisted of 470 nm-tall ZnO NRs with ~90 nm diameters and relatively
small angular deviations. The NR density of these solar cells is ~50 rod/um?. The CdS
thickness around the NRs were measured as 20 nm. The CdTe layer was grown similar
to the buried structure, filling the gaps between the NRs, with an excess CdTe layer of
around ~300 nm above the NRs. The doping density of these solar cells were not
explicitly measured but they are estimated to be around 10 cm™ since the dopant
concentrations were expected to be ~10%° cm™ from the fabrication parameters. The J-
V curves of the NR-based CdTe and planar solar cells are given in Fig. 5.12.a and b,
respectively. The NR-based CdTe solar cell achieved an efficiency of 4.26 % while
the planar solar cell achieved 4.48 %. While the Js. of 13.8 mA/cm? achieved by the
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NR-based solar cells, the planar solar cells achieved a Jsc of 20.9 mA/cm?. The lower
Jsc value of the NR-based solar cell can be attributed to the high density of NRs (~50
rod/um?) which was found to require a doping density of 101" cm. However, the NR-
based solar cell was doped with 10'® cm density. Therefore, the NR-based solar cell
was susceptible to high surface recombination. However, the efficiency of this solar

cell is worth noting since it is among the highest efficiencies achieved so far in NR-
based CdTe solar cells. [8], [10]-[12].
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Figure 5.12: The J-V curves of (a) the NR-based CdTe solar cell and (b) the planar CdTe
solar cell for comparison
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

Solar energy is a valuable source of renewable energy and the expected energy
production from the solar is expected to increase thanks to the investment of many
countries on solar energy. CdTe is currently the second most used material in the solar
energy production with great optical and electrical properties. However, the Te
scarcity in the world is a concern and the Te prices are expected to grow. This situation
requires decreasing the Te amount in the CdTe solar cells through a reduction in the
CdTe material to conserve the attention on CdTe in the solar market. By utilizing
traditional planar CdTe solar cell structures, achieving high efficiencies while
preserving high efficiencies is difficult due to limited light trapping capabilities of the
planar structures and absence of a mechanism aiding the charge collection in the solar
cell. Inclusion of ZnO NRs brought new ideas for the novel CdTe solar cells. The NRs
enhanced the light trapping in the CdTe absorber layer while keeping the charge
collection easy thanks to radial charge collection. Unfortunately, the ZnO NR-based
CdTe solar cell technology is immature due to the lack of optimized optical and
electrical designs as well as the unrealistic expectations of material properties such as

doping and surface recombination velocities.

In this thesis, proposals for the currently low efficiencies of ZnO NR-based
CdTe were made by assuming already-achieved material parameters of ZnO, CdS and
CdTe layers. The ZnO NR geometries were analyzed and the simulations were
performed for appropriate geometries for solar cell structures. Two types of NR-based
solar cell structures were proposed, namely the ETA and buried CdTe solar cells. ETA
solar cells utilized thin layers of CdTe layers while buried CdTe solar cells utilized a
completely buried CdTe between the gaps of ZnO/CdS NRs. The doping densities for
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the CdTe layers were ranged from easily achievable doping densities such as 10 cm’
% up to very demanding doping densities 10 cm™®. The CdS/CdTe surface
recombination velocities were also changed from very low values such as 10 cm/s up
to 10” cm/s to see the degrading effects of the poor interfacial properties, which has
been the case for many of the already-achieved ZnO NR-based CdTe solar cells. The
effects of the ZnO NR geometries on the CdTe absorption was investigated and the
photo-generation profiles obtained from the optical simulations were used in the

electrical analysis for a complete understanding of the charge collection performance.

The optical analysis revealed the higher optical performance of buried CdTe
solar cells than ETA CdTe solar cells thanks to more efficient use of the CdTe
material, as was shown by the enhancement factors. The ETA solar cells showed a
strong dependency on the total CdTe amount in the solar cell structure without
efficiently benefiting from the light trapping properties of ZnO NRs. ETA solar cells’
performance increased with NR height and density but was ambiguous for angular
deviation. The MAPC of ETA solar cells remained below 26 mA/cm? and the highest
calculated Jsc was below 25 mA/cm? even with the very high doping density of 10
cm and the excellent surface recombination velocity of 10 cm/s. As a result, the ETA
solar cells were shown to suffer from severe recombination losses due to the long and

thin CdTe layer path that the charge carriers must travel before being collected.

The buried CdTe solar cells utilized light scattering and easier charge
collection properties of ZnO NRs efficiently, unlike the ETA solar cells, despite the
higher amount of CdTe consumption in the solar cell structure. Tall ZnO NRs such as
1000 and 2000 nm with high angular deviations such as 10 and 20 degrees enhance
the light trapping in the buried solar cell structure significantly. Changing the NR
density helps to optimize the optical performance through a trade-off between the haze
and equivalent CdTe thickness. The NR densities of 50 rods/pum? with 2um NR height
and 20 degrees of angular deviation can reduce the CdTe amount in the solar cell by
75 % compared to the planar solar cell achieving the same MAPC, however, the
electrical performance suffer due to high surface recombination losses for such a dense
NR configuration and the Js is below 25 mA/cm? for such a solar cell geometry. For
both low and moderate NR densities of 5 and 20 rods/um? with the same height and
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angular deviation, a 58 % reduction of CdTe was achieved compared to the planar
CdTe solar cells while maintaining a high Jsc for moderate doping densities and surface
recombination velocities. In the 20 rods/um? case, a MAPC of 27.36 was achieved
from the optical simulation and a Jsc of above 27 mA/cm? can be achieved with 10
cm doping density. For the 5 rods/um? case, however, Jsc of above 27 mA/cm? can
be achieved even with 10'® cm= doping density and 10* cm/s surface recombination
velocity. This finding is interesting because the buried solar cell with the ZnO NR
configuration of 5 rods/um? density, 2000 nm height and 20 degrees of angular
deviation is in a region where a doping density above 10 c¢cm= and a surface
recombination velocity below 10* cm/s is not required while achieving a material

reduction as high as 58 % compared to the planar cell achieving the same MAPC.

Additional to the simulation studies, various material characterization
techniques were performed on the differently doped CdTe planar layers to provide
information about the applicability of the proposed material parameters. The scanning
electron microscope images showed that the increasing dopant concentration has no
noticeable impact on the polycrystalline grain sizes and surface roughness. The Raman
spectroscopy measurements have shown the differing material properties on front and
rear sides of the CdTe planar layer. The polycrystalline quality of the CdTe layer was
not observed to be degraded by the high doping concentrations, showing that the CdTe
material properties have been preserved. The recombination lifetimes in the CdTe
layers are assumed to not deviate much with the doping density variations. The
secondary ion mass spectroscopy measurements have shown the non-uniform dopant
concentration through the CdTe layer. The unintentionally doped sample showed a
very low dopant concentration of 10 cm?. The other three samples’ dopant
concentrations changed throughout the sample but all of them were highly doped with
~10% cm™ near the rear end. This type of doping is supposed to prevent high resistive

layer formation at the rear surface which may cause Fermi level pinning.

To conclude, this thesis provided optical and electrical design guidelines for
nanostructure-based CdTe solar cells to overcome the relatively low efficiencies

achieved for NR based CdTe solar cells. Although the experimental aspect of this work
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is yet to be studied, the solar cell design path that was provided may guide the scientists
towards higher efficiency CdTe solar cells with reduced CdTe amounts.
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