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Abstract

Characterization of Al2O3 as CIGS surface passivation
layer in high-efficiency CIGS solar cells

Jonathan Joel

In this thesis, a novel method of reducing the rear surface recombination in copper
indium gallium (di) selenide (CIGS) thin film solar cells, using atomic layer deposited
(ALD) Al2O3, has been evaluated via qualitative opto-electrical characterization. The
idea stems from the silicon (Si) industry, where rear surface passivation layers are
used to boost the open-circuit voltage and, hence, the cell efficiency. To enable a
qualitative assessment of the passivation effect, Al/Al2O3/CIGS metal-oxide-
semiconductor (MOS) devices with 3-50 nm oxide thickness, some post-deposition
treated (i.e. annealed), have been fabricated.
 
Room temperature capacitance-voltage (CV) measurements on the MOS devices
indicated a negative fixed charge density (Qf) within the Al2O3 layer, resulting in a
reduced CIGS surface recombination due to field effect passivation. After annealing
the Al2O3 passivation layers, the field effect passivation appeared to increase due to a
more negative Qf. After annealing have also indications of a lower density of interface
traps been seen, possibly due to a stronger or activated chemical passivation.
 
Additionally, the feasibility of using ALD Al2O3 to passivate the surface of CIGS
absorber layers has also been demonstrated by room temperature
photoluminescence (PL) measurements, where the PL intensity was about 20 times
stronger for a structure passivated with 25 nm Al2O3 compared to an unpassivated
structure. The strong PL intensity for all passivated devices suggests that both the
chemical and field effect passivation were active, also for the passivated as-deposited
CIGS absorbers.
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Executive summary 
In this study, the viability of using a novel method to passivate the rear surface of thin film 

Cu(In,Ga)Se2 (CIGS) solar cells has been demonstrated. This method stems directly from the 

design of the rear of the more advanced (PERC) silicon cells, and uses an atomic layer deposited 

(ALD) aluminium oxide layer to passivate the CIGS absorber. By fabricating Al/Al2O3/CIGS 

metal-oxide-semiconductor (MOS) devices with 3-50 nm thick oxide layers and characterizing 

them by electrical and optical analysis methods, indications of a reduced recombination rate at 

the surface of the passivated CIGS absorbers have been observed. In solar cells, a reduced 

recombination rate at the rear surface of the absorber layer leads to higher output voltages and 

thereby an increased cell efficiency. 

To mimic the deposition order of the solar cell fabrication process, where the passivation layer 

would be deposited before the CIGS film, some MOS devices have undergone an annealing 

process, a post-deposition heat treatment. The electrical characterization showed that after 

annealing a more negative density of fixed oxide charges (Qf) appeared to be present within the 

Al2O3 layers, resulting in a stronger field effect passivation. After annealing have also 

indications of a lower density of interface traps (Dit) at the CIGS surface been seen, which could 

be explained by a stronger or activated chemical passivation. 

However, the aim of quantifying Qf and Dit using room temperature capacitance-voltage (CV) 

and conductance-voltage (GV) measurements could not be fulfilled, due to a strong setup 

dependency and an occasionally abnormal CV and GV behaviour. Therefore, further studies 

are recommended to quantitatively assess the passivation effect, for example via low 

temperature CV analysis. 

Nonetheless, the feasibility of using ALD Al2O3 to passivate the surface of CIGS absorber 

layers has also been demonstrated by optical photoluminescence (PL) measurements, where the 

PL intensity was about 20 times higher for a structure passivated with 25 nm Al2O3 compared 

to an unpassivated structure. Such a significant increase in PL intensity suggests that the CIGS 

surface recombination rate is reduced when implementing the proposed passivation layer, 

which could increase the cell efficiency and reduce the production cost if implemented in 

commercial CIGS solar cells.  
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Sammanfattning på svenska 
Solceller är för närvarande en av de snabbast växande elproduktionsteknikerna i världen, sett 

till den årliga procentuella ökningen av den samlade installerade produktionskapaciteten [1]. 

Den globala ackumulerade installerade solcellskapaciteten förväntas tredubblas inom de 

närmsta fem åren [2]. Om solcellssektorn ska fortsätta att expandera även efter dessa fem år, så 

att solceller kan svara för en betydande del av den globala elförsörjningen, måste emellertid 

produktionskostnaderna reduceras. 

Cu(In,Ga)Se2 (CIGS – koppar-indium-gallium-selen) tunnfilmssolceller kan komma att bli ett 

betydande alternativ till konventionella kiselsolceller. Detta eftersom produktionskostnaden 

potentiellt kan bli lägre för CIGS-solcellerna, bland annat på grund av att de har ett lägre 

materialbehov för det skikt som absorberar den inkommande solstrålningen. CIGS-solceller 

erbjuder dessutom fler installationsmöjligheter, i jämförelse med kiselsolceller, framförallt 

eftersom det är möjligt att tillverka flexibla och böjbara CIGS-solcellsmoduler.  

Idag är emellertid skillnaden i verkningsgrad mellan CIGS- och kiselsolceller relativt stor. En 

ny teknik som är under kommersialisering för kiselsolceller (PERC), har en avancerad 

bakkontakt som inkluderar ett passiveringsskikt med mikrometerstora punktkontakter. 

Passiveringsskiktet hämmar rekombinationen vid den bakre ytan av kiselskiktet, vilket bidrar 

till en högre total cellverkningsgrad. Rekombinationen i halvledarmaterialet (det absorberande 

skiktet) är önskvärd att minimera i solceller, eftersom den bidrar till både ström- och 

spänningsförluster, och därmed också en lägre verkningsgrad. 

Inom tunnfilmssolcellsgruppen på Ångströmlaboratoriet (Uppsala universitet) har tekniken hos 

PERC-cellernas bakkontakt anpassats för att passa CIGS-solceller. Arbetet i denna studie har 

skett inom ramarna för projektet på Ångströmlaboratoriet, och har undersökt de elektriska och 

optiska egenskaperna hos ett passiveringsskikt av aluminiumoxid (Al2O3) i en partiell CIGS-

solcellsstruktur. Genom att tillverka Al/Al2O3/CIGS metal-oxid-halvledar-(MOS)-strukturer 

med 3-50 nm oxidtjocklek, och genomföra optiska och elektriska mätningar på dessa, har 

indikationer på att rekombinationen vid den passiverade CIGS-ytan minskar kunnat ses. 

För att efterlikna deponeringsföljden vid en industriell framställning av CIGS-moduler, där ett 

eventuellt passiveringsskikt skulle deponeras före CIGS-lagret, har hälften av MOS-

strukturerna genomgått en extra värmebehandlingsprocess efter deponeringen av aluminium-

oxiden. Vid tillverkningen av CIGS-solceller läggs de ingångende skikten ovanpå varandra, 

med utgångspunkt från den bakre delen av cell-designen. Temperaturen vid deponeringen av 

CIGS-skiktet är högre än vid deponeringen av aluminiumoxidlagret. Därför har vissa MOS-

strukturer värmebehandlas under de förhållanden som råder vid CIGS-deponeringen (~510 °C), 

för att undersöka hur passiveringsskiktet påverkas av den höga temperaturen. 

Den elektriska analysen tyder på att laddningsdensiteten (Qf) i oxiden ökar med värme-

behandlingen, vilket kan tolkas som att fälteffektpassiveringen ökar efter värmebehandling av 

oxidskikten. En högre oxidladdningsdensitet ger nämligen upphov till ett starkare elektriskt fält 

vid oxid/halvledar-gränssnittet, vilket minskar rekombinationen vid halvledarytan – detta 

benämns som fälteffektpassivering. Den elektriska analysen visar även att den kemiska 

passiveringen tycks öka eller aktiveras av värmebehandlingen, eftersom en lägre densitet av 

interfacefällor (Dit) verkar vara närvarande vid CIGS-ytan. Interfacefällor är vanligt 
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förekommande vid halvledarytor och bidrar till en ökad rekombination. Genom att 

passiveringsskiktet kemiskt binds till halvledarytan kan mängden interfacekällor reduceras – 

detta benämns som kemisk passivering. 

Målsättningen om att kunna kvantifiera Qf och Dit via rumstempererade kapacitans-volt-(CV)- 

och konduktans-volt-(GV)-mätningar har dock inte kunnat uppfyllas, främst på grund av att 

beteendet hos CV- och GV-kurvorna stundtals var onormalt och visade sig vara oväntat 

beroende av mätutrustningsinställningarna. Därför rekommenderas att fortsatta studier riktas åt 

att kvantitativt bedöma passiveringseffekten, till exempel via kryostatiska (under -150 °C) CV-

analysmetoder. 

Möjligheterna bedöms likväl vara goda att använda Al2O3 för att passivera CIGS-ytan hos 

tunnfilmssolceller. Speciellt eftersom de optiska fotoluminiscens-(PL)-mätningarna visade på 

en runt 20 gånger högre PL-intensitet för en struktur passiverad med 25 nm Al2O3, jämfört med 

en icke-passiverad struktur. En sådan signifikant ökning av PL-intensiteten indikerar att 

rekombinationen vid CIGS-ytan reduceras när det föreslagna passiveringsskiktet introduceras. 

Detta passiveringsskikt skulle kunna bidra till en högre cellverkningsgrad, och lägre 

produktionskostnader, om det implementerades i kommersiella CIGS-solceller.  
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List of acronyms 
 

AD As-deposited 

ALD Atomic layer deposition 

Annealed Post deposition heat treated (occasionally abbreviated as AN) 

BB Band-band transition (direct recombination from conductance to valence band) 

BSF Back surface field 

CIGS Copper indium gallium (di)selenide  

c-Si single-crystalline silicon 

CV Capacitance-voltage 

DUT Device under test 

GV Conductance-voltage 

LCR (meter) Inductance (L) – capacitance (C) – resistance (R) (measuring device) 

MOS Metal-oxide-semiconductor 

NIR Near infrared (IR), IR radiation of a wavelength near that of red 

PERC Passivated Emitter and Rear Cell, a high efficiency Si solar cell 

PL Photoluminescence 

PV Photovoltaic 

RT Room temperature 

SC Solar cell 

SLG Soda lime glass 

SRH Shockley-Read-Hall 

TMA Trimethylaluminum 

XRF X‐ray fluorescence 

ÅSC Ångström solar center 
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List of symbols 

 
Symbol Description Unit 

A Area cm2 

C Capacitance F 

Cox Oxide capacitance (per area) F(/cm2) 

d Diameter μm 

Dit Interface trap density eV-1 cm-2 

G Conductance S 

I0 Saturation current A 

IL Light generated current A 

JSC Short-circuit current density A/cm2 

k Boltzmann constant J/K 

Kox Oxide dielectric constant d.u. 

n Ideality factor d.u. 

ni Intrinsic carrier concentration cm-3 

Nit Interface defect density cm-2 

ns Electron concentration at the surface cm-3 

ps Hole concentration at the surface cm-3 

q Elementary charge C 

Q Charge C 

Qf Density of fixed oxide charges C/cm2 

T Temperature K 

tox Oxide thickness cm 

US Surface recombination rate cm-2 s-1 

V Voltage V 

VB DC bias voltage V 

VFB Flat band voltage V 

VOC Open circuit voltage V 

vth Thermal velocity cm/s 

α Absorption coefficient m-1 

ε0 Permittivity of vacuum F/cm 

σn Electron capture cross section cm2 

σp Hole capture cross section cm2 

ϕMS Metal-semiconductor work function (difference) V 
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1 Introduction 
Due to a growing global population and a progressing welfare in today's low and middle-income 

countries, the global energy demand has increased significantly in the last decade and will 

continue to do so, especially in China. The increased energy demand in combination with 

stronger incitements for a lower dependency on fossil fuels, partly driven by an enhanced 

environmental awareness in society, has led to a magnified development of renewable energy 

alternatives over the past decade. 

To secure a sustainable energy supply in the long term, an energy system based on a large share 

of renewable energy sources, such as solar, biomass, wind and hydro, is vital. Despite the vast 

potential for solar based energy production, the current solar energy contribution to the total 

energy demand is quite low. Within the solar energy market, the photovoltaic (PV) sector is 

currently the fastest growing, in fact it is one of the fastest growing energy technologies 

worldwide [1], relatively speaking. The expected PV development for the next 5 years can be 

seen in Figure 1-A. 

 

Figure 1-A. Global cumulative installed PV, based on EPIA's (European Photovoltaic Industry Association) 

scenarios for 2014-2018 [2]. 

If the PV sector is to continue its rapid expansion beyond the projected levels for the upcoming 

five years, making it an important actor on the global electricity market, further cost reductions 

are necessary. Specifically, it is the manufacturing and installation costs per watt cell capacity 

that need to be further reduced.  

Currently, the most developed and most commonly used material for making solar cells is 

silicon (Si). However, thin film solar cells are important competitors as they have the potential 

to require only a fraction of the material and energy as compared to Si cells when manufactured 

[3]. Of all available thin film technologies, Cu(In,Ga)Se2 (CIGS) offers the highest solar cell 

efficiencies, close to the levels achieved with c-Si cells [4]. Furthermore, CIGS solar cells have 

additional advantages compared to Si cells, such as the possibility of fabricating flexible 

modules and being resilient to higher temperatures and fluxes of high-energy particles as 

prevalent in space orbits [5], which expands the application and installation opportunities.  
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It is fair to say that a large part of the gap in world record cell efficiency between Si and CIGS 

solar cell technologies stems directly from their difference in cell design complexity. The rear 

of these more advanced Si cell designs is improved by a combination of an adequate rear surface 

passivation layer and micron-sized local point contacts, which allows the use of thinner Si 

wafers and improves the rear surface passivation and rear internal reflection significantly [6]. 

If a similar rear surface passivation layer were to be successfully implemented in an industrial 

viable CIGS solar cell design, the back contact recombination could be effectively reduced, 

enabling higher cell efficiencies for even thinner CIGS absorber layers [7]. Furthermore, this 

could significantly reduce the manufacturing and installation costs due to a lower material 

consumption and areal demand (due to higher cell efficiencies), making thin film CIGS solar 

cells a promising alternative to conventional c-Si cells and the growing PV sector.  

1.1 Objectives 
The objectives of this thesis were as follows: 

(a) To study rear surface passivation of CIGS solar cells with aluminium oxide. 

(b) To find adequate means for characterizing the passivation effect of Al2O3 in 

conjunction with CIGS. 

(c) To quantify (or if not possible, qualitatively assess) the field effect passivation by 

determination of the density of fixed oxide charges within the oxide layer. 

(d) To quantify (or if not possible, qualitatively assess) the chemical passivation by 

determination of the interface trap density at the CIGS surface. 

(e) To evaluate if the proposed methods are adequate for characterizing the passivation 

effect of Al2O3 in conjunction with CIGS. 

1.2 Methodology summary  
The electrical characterization was mainly based on room temperature capacitance-voltage 

(CV) and conductance-voltage (GV) measurements, performed on Al/Al2O3/CIGS metal-

oxide-semiconductor (MOS) systems. The MOS structures were fabricated in-house, where the 

CIGS absorber layers were deposited via co-evaporation, following the present baseline recipe 

at Ångström solar centre, while the Al2O3 was deposited via temporal atomic layer deposition 

(ALD). To enable a qualitative assessment, MOS structures with different oxide parameters, 

with respect to the oxide thickness and post-deposition treatment (i.e. annealing), were 

fabricated. 

The optical analysis was based on room temperature photoluminescence (PL) measurements, 

for which additional samples were made without Al-gate contacts. However, PL measurements 

have also been made on the gate free areas of the MOS structures. 

When analysing the result and general trends of the opto-electrical measurements, the proposed 

interpretations were validated by established physical relations or with appropriate findings 

published by other authors.   
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2 Background – Surface passivation 
Any defects or impurities at the surface or within the semiconductor layers (absorber and 

emitter) of a solar cell enhance the possibilities for an electron-hole pair to recombine, resulting 

in a lost contribution to the light-generated current. The semiconductor surfaces are sites with 

particularly high recombination, due to the abrupt disruption of the crystal lattices, which causes 

dangling (unsaturated) bonds. The amount of dangling bonds, and hence the surface 

recombination sites, can be reduced if a layer binding to the dangling bonds can be implemented 

in the solar cell design. Such a reduction of the dangling bonds is referred to as chemical surface 

passivation. 

Another possibility to reduce the surface recombination, and increase the cell efficiency, is to 

hinder the minority charge carriers to reach the recombination sites at the surface of the 

semiconductor. This can be done by implementing a material in connection to the semi-

conductor surface, with a high density of fixed charges (Qf), creating an electric field which 

repels the minority carriers. This is called field-effect passivation. 

The basis of the photovoltaic production of energy is the generation of charge carriers by 

photons, i.e. the creation of electron-hole pairs. Since recombination is the opposite of 

generation, recombination clearly causes current (JSC) losses. However, the recombination rate 

also has a direct impact on the open circuit voltage (VOC) of a solar cell, according to Eq. (2.0.1) 

𝑉𝑂𝐶 =
𝑛𝑘𝑇

𝑞
𝑙𝑛 (

𝐼𝐿

𝐼0
+ 1)                                                 (2.0.1) 

where n is the ideality factor, kT/q is the thermal voltage, IL is the light generated current and I0 

is the saturation current, which depends on the recombination velocities [8]. 

The surface recombination rate (US, in cm-2 s-1) can be described by the Shockley-Read-Hall 

(SRH) statistics [9] [10] as a function of the interface trap density (Nit, in cm-2), the electron and 

hole densities at the surface (ns and ps), and the electron and hole capture cross section (σn/p) 

according to Eq. (2.0.2) 

𝑈𝑆 =
(𝑛𝑆𝑝𝑆 − 𝑛𝑖

2)𝑣𝑡ℎ𝑁𝑖𝑡

𝑛𝑆 + 𝑛1

𝜎𝑝
+

𝑝𝑆 + 𝑝1

𝜎𝑛

                                                (2.0.2) 

where vth is the thermal velocity of the electrons, n1 and p1 are statistical factors and ni is the 

intrinsic carrier concentration [6].  

The US as expressed in Eq. (2.0.2) only takes defects near the midgap into consideration, while, 

in reality, the energy levels associated with surface defects are distributed throughout the 

bandgap. Therefore, US should formally be described by the full SRH statistics, with an integral 

over all energy levels in the bandgap while replacing Nit by Dit (in eV-1 cm-2), as explained in 

Girsch et al. [11]. However, the surface recombination rate is highest and most effective around 

the midgap and Eq. (2.0.2) still serves as a good example for illustrating the possibilities of 

reducing the surface recombination, i.e. by decreasing either the interface defect density (Nit or 

Dit) at the surface, via chemical passivation, or the density of one type of charge carrier (ns or 

ps) by field effect passivation. 
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In high efficiency silicon (Si) solar cells, namely PERC (Passivated Emitter and Rear Cell) 

cells, both field-effect passivation and chemical surface passivation have been adopted at the 

emitter (front) and absorber (rear) layer surfaces. The major difference between the more 

advanced PERC cell compared to the standard Al BSF (Back Surface Field) cell, which is 

currently dominating the industrial Si PV market, is the improved rear design which combines 

an adequate rear surface passivation layer and micron-sized local point contacts (see Figure 

2-A) [12]. 

 

Figure 2-A. (a) Conventional full Al BSF p-type Si solar cell. (b) PERC p-type Si solar cell (taken from [12]). 

The rear surface of the Al BSF cell is (field-effect) passivated by a heavily Al-doped p+ region 

at the edge of the absorber layer, which creates a back surface field that repels the minority 

charge carriers (electrons). Such a rear structure is comparable with the present state of the art 

CIGS solar cells, which achieves a similar BSF by using a gallium grading, i.e. by increasing 

the [Ga]/([Ga]+[In]) ratio toward the Mo/CIGS rear interface [13]. The concept of Ga grading 

is further discussed in section 3.2.1. 

At Ångström Solar Center (ÅSC), a novel method for rear surface passivation of CIGS solar 

cells is currently being investigated, which stems directly from the design of the rear of the 

PERC cell. This method combines an (Al2O3) passivation layer between the Mo back contact 

and the CIGS absorber layer with nano-sized local point contacts (see Figure 2-B), enabling 

reduced back contact recombination and a significant increase of the VOC [12]. As an extension 

of the project at ÅSC, the aim of this study is to find adequate means for characterizing the 

passivation effect of Al2O3 in conjunction with CIGS. To do so, the theory of silicon 

semiconductor and solar cell characterization will serve as an initial basis and standpoint. 
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Figure 2-B. TEM (transmission electron microscopy) cross-section picture of a rear surface passivated CIGS 

solar cell, fabricated at ÅSC. 

 

2.1 Characterization of surface passivation 
The most commonly used device for studying silicon semiconductor surfaces is the metal-

oxide-semiconductor (MOS) system. Since silicon is a highly explored and well-defined 

semiconductor material, several straight forward characterization methods, using MOS devices, 

have been developed. These methods are commonly based on capacitance-voltage (CV) and/or 

conductance-voltage (GV) measurements and analysis, from which the desired parameters can 

be extracted (in this study: Qf and Dit). 

Recombination in CIGS on the other hand, is more complex. Additionally, the CIGS film can 

be composed in various ways, which complicates the determination of the standard semi-

conductor material parameters. This, in combination with the fact that CV and GV analysis on 

CIGS MOS structures is a rather novel approach itself, makes it unsure if the CIGS MOS 

systems will show good enough CV/GV behaviour, in terms of consistency and characteristics, 

to be able to extract the desired parameters. Therefore, a second characterization method will 

also be considered – photoluminescence (PL).  

In the following sections (2.1.1 and 2.1.2) the concept and theory of CV/GV and PL analysis 

will be further discussed. 

2.1.1 CV and GV analysis on Silicon MOS systems 
During a CV measurement, a continuously ramped DC voltage V (bias voltage), with a 

superimposed small-amplitude AC voltage of a certain frequency, is applied over the MOS 

structure. This causes a change of charge within the device, which gives rise to a capacitance 

(C = dQ/dV). The ideal CV curve for low, medium and high frequencies is illustrated in Figure 

2-C below, along with a fast sweep rate (short or no delay time between measured points) curve 

that goes into deep depletion. 
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Figure 2-C. Ideal Si p-type MOS CV curves, with a flat-band voltage of VFB=0. (a) Low frequency, (b) 

Intermediate f, (c) High f, (d) High f and fast sweep rate (going into deep depletion). (Taken from [14])  

During the CV measurement, the applied bias voltage forces the semiconductor's band structure 

near the oxide/semiconductor interface to shift, i.e. the occupancy of the energy states alters 

due to the applied bias voltage. For a p-type semiconductor, the CV measurement normally 

starts in accumulation (at low bias voltage), meaning that there is a local accumulation of 

majority carriers (holes) at the valence band near the interface, causing a local band bending 

that drives the valence band closer to the Fermi level. As higher bias is applied, the accumulated 

holes start to spread out, and the band bending decreases until the bands flattens out. When the 

band structure is flat, the device is in equilibrium with respect to the energy states throughout 

the full depth of the semiconductor. The applied voltage that causes flat bands is referred to as 

the flat band voltage (VFB) [14] and is a crucial parameter for determining the density of fixed 

oxide charges, and the field effect passivation.  

When a lager bias voltage than the VFB is applied, the bands start to bend in the other direction, 

due to the depletion of holes at the valence band near the interface. This part of the CV curve 

is called the depletion region. A further bias increase causes higher band bending, and an 

accumulation of minority carriers (electrons) at the conduction band near the interface, the 

device is now in inversion. 

If the bias voltage is increased too fast (by large ramping steps or short delay time), the 

generation of minority carriers may not be fast enough to form a full inversion layer. If this 

occurs, the width of the depletion region keeps increasing, resulting in a capacitance which 

further decreases with applied voltage (see the (d) scenario in Figure 2-C). 

When any impurities or defects (interface traps), such as dangling bonds, are present at the 

surface of the semiconductor, new energy states are introduced within the bandgap (in the 

forbidden region between the valence and conduction band) of the semiconductor. These 

interface trap levels also cause a change of charge when the applied voltage is varied, which 

affects the initial MOS capacitance and alters the ideal CV curve. The impact on the CV curve 
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by presence of interface traps, which can be seen in Figure 2-D-(a) for high frequencies and 

Figure 2-D-(b) for low frequencies, is that the curve gets stretched out.  

In Figure 2-D-(a) it has been assumed that the AC probing frequency is too high for the interface 

traps to follow, meaning that the traps do not contribute to any extra capacitance. However, the 

traps can follow the slowly varying DC bias, resulting in an extra contribution to the total MOS 

gate charge. In Figure 2-D-(b), however, it has been assumed that the traps can respond to both 

the AC and DC voltage, which results in an extra interface trap capacitance contribution, and a 

larger distortion of the ideal CV curve. 

 

Figure 2-D. Graphic illustration of the impact the presence of Qf or Dit has on the CV curve (p-type Si). (a) Shows 

the impact of interface traps (Dit) presence for a theoretical high frequency CV curve, and (b) for low frequency. 

(c) Shows the VFB shift, due to presence of Qf, of an experimental CV curve compared to a theoretical curve. 

(Taken from [15]) 

To determine the fixed oxide charge density, the shift in flat band voltage of an experimental 

CV curve compared to a theoretical ideal curve (for which VFB = 0), as seen in Figure 2-D-(c), 

is a key parameter. Qf is related to VFB according to Eq. (2.1.1), 

𝑄𝑓 = (𝜙𝑀𝑆 − 𝑉𝐹𝐵)𝐶𝑜𝑥                                                       (2.1.1) 

where ϕMS is the metal-semiconductor work function and Cox is the oxide capacitance [15]. The 

oxide capacitance can be estimated via Eq. (2.1.2),  

𝐶𝑜𝑥 =
𝐾𝑜𝑥𝜀0𝐴

𝑡𝑜𝑥
                                                                (2.1.2) 

where Kox is the oxide dielectric constant, ε0 is the permittivity of free space constant, A is the 

surface area of the gate/oxide interface and tox is the oxide thickness [15]. 

For quantifying the interface trap density of a Si MOS structure, there exist several well-

documented methods. Since capacitance and conductance measurements contain similar 

information about the interface defects, there are methods based on pure GV or CV analyses, 

for low or high frequency measurements separately or in combination, as well as methods based 

on combined CV and GV measurements. However, one of the most sensitive, in terms of ability 

to quantify low trap densities, and widely used characterization method is based on pure 

conductance measurements, and is referred to as the conductance method [16].  

The conductance method requires that several G measurements as a function of frequency are 

made at a given bias voltage, which is a rather time consuming and analytically complex 

processes. Furthermore, it requires that consideration is taken to the oxide capacitance, which 
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needs to be measured via capacitance measurements if any of the parameters in Eq. (2.1.2) are 

unknown.  

Also, since the fixed oxide charge density, which cannot be extracted via conductance 

measurements, is sought after in this study, it would be convenient to use a combined CV and 

GV method for extracting the Dit. One such method, which is a simplified single frequency 

version of the conductance method, implies that the interface trap density can be obtained 

directly from the measured maximal conductance (Gm,max) and the corresponding capacitance 

(Cm) at the same bias voltage (see Figure 2-E for example graphs), according to Eq. (2.1.3), 

𝐷𝑖𝑡 =
2

𝑞𝐴
×

𝐺𝑚,𝑚𝑎𝑥

𝜔

(
𝐺𝑚,𝑚𝑎𝑥

𝜔𝐶𝑜𝑥
)

2

+ (1 −
𝐶𝑚

𝐶𝑜𝑥
)

2
                                         (2.1.3) 

where A is the gate area, q is the elementary charge and ω is the signal frequency (ω=2πf) [17]. 

Like the conductance method, the simplified method (called the Hill-Coleman method) requires 

the oxide capacitance to be known.  

 

Figure 2-E. Measured CV [pF] and GV [μ mhos = μS] curves at 100 kHz (on a p-type Si MOS structure), before 

and after annealing at 150 °C. (Taken from [19])  

It should be noticed that the Hill-Coleman method only considers a single level of interface trap 

states, while the full conductance method considers a broader range of energy levels, resulting 

in a continuously underestimated Dit. Singh and Srivastava [18] have, however, demonstrated 

that the Hill-Coleman method gives reasonable results, which are consistently 25% lower than 

those of the full conductance method, for a wide frequency range. 
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2.1.2 Photoluminescence analysis 
Photoluminescence (PL) is the spontaneous emission of light from a material under optical 

excitation [20], in other words PL describes the process in which charge carriers generated by 

light absorption recombine radiatively [21]. During a PL measurement the semiconductor 

system is initially illuminated with a light source, for example a laser. If the incoming photons 

have a higher energy than the band gap of the semiconductor, electrons will be excited into the 

conduction band, resulting in the generation of electron-hole pairs. Eventually, the electron-

hole pairs will recombine. If the recombination is of radiative nature, a photon will be emitted 

during the annihilation of the electron-hole pair. The emitted light is called PL, and can be 

collected and analysed to yield the desired information. In Figure 2-F below, an example of 

experimental PL spectra of two CIGS solar cell is shown. 

 

Figure 2-F. PL spectra of two different CIGS solar cells measured at room temperature. The CIGS absorbers are 

Cu-poor and have a [Ga]/([In+Ga]) ration of 0.30 (sample 1) and 0.27 (sample 2), respectively. (Taken from [22]) 

At room temperature, the radiative recombination is usually dominated by band-band 

transitions, from the conduction to the valance band [22]. Hence, room temperature PL 

measurements of CIGS absorbers, such as in Figure 2-F, are normally dominated by one 

spectral peak close to the band gap of the absorber layer. 

In the analysis of interfaces, the intensity of the measured PL spectrum is of special interest. As 

previously mentioned, the aim of this study is to characterize the passivation effect that Al2O3 

may have on CIGS, primary by determining the Qf and Dit. PL measurements can however not 

yield any quantitative information about these parameters. Nonetheless, it is generally found 

that a large PL intensity correlates with good interface properties [20] due to a low presence of 

competing nonradiative processes (e.g. surface recombination) [23], and therefore a qualitative 

assessment of the surface passivation is possible.  



10 
 

3 Experimental description 
This chapter gives an overview of the PL and CV-GV analysis set-up used in this study for 

characterizing Al2O3 as a rear surface passivation layer for CIGS solar cells, as well as a 

description of the samples prepared for the analysis. 

3.1 Device preparation – Overview 
For the CV-GV analysis, metal-oxide-semiconductor (MOS) devices have been used. These 

were fabricated as a stack consisting of aluminium gate contacts, a surface passivation layer 

(Al2O3) and a uniform CIGS semiconductor material layer on top of a molybdenum (Mo) 

covered glass substrate (see Figure 3-A). In Table 3-I below, the main parameters of the MOS 

samples are listed. 

            

Figure 3-A. Principal layers of the MOS structures.                  Figure 3-B. Principal layers of the PL devices. 

The devices used for the PL analysis had the same constitutional layers as the MOS devices, 

except that they did not have any Al-gates (see Figure 3-B). The main parameters for the PL 

devices are listed in Table 3-II. 

Table 3-I. Main parameters of the CV-GV characterization MOS devices 

Device id tox (Al2O3) t(CIGS)* d(Al gate)** Annealed Atomic concentration*** - CIGS layer 

 [ALD cycles] [μm] [μm]  [%Cu] [%In] [%Ga] [%Se] 

2AL 32 1.9 1500 No 22 18 7.0 52 

2AR 64 1.9 1500 No 22 18 7.0 52 

2BL 128 1.9 1500 No 22 18 7.0 52 

2BR 256 1.9 1500 No 22 18 7.0 52 

2AL-2 32 1.9 500 No 22 18 7.0 52 

2AR-2 64 1.9 500 No 22 18 7.0 52 

2BL-2 128 1.9 500 No 22 18 7.0 52 

2BR-2 256 1.9 500 No 22 18 7.0 52 

3BR 32 2.0 1500 Yes 22 19 6.8 52 

3BL 64 2.0 1500 Yes 22 19 6.8 52 

3AR 128 2.0 1500 Yes 22 19 6.8 52 

3AL 256 2.0 1500 Yes 22 19 6.8 52 

5AL 512 0.31 125-1500 Yes 22 18 7.0 53 

6AL 512 1.5 125-1500 Yes 23 17 7.3 52 

* Measured by surface profilometry (see section 3.2.1) 

** Measured by optical microscopy (see section 3.2.3) 

*** Estimated by X-ray fluorescence spectroscopy (see section 3.2.1)   
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The thickness of the Al2O3 layers is, in Table 3-I and Table 3-II, given as the number of cycles 

the deposition consisted of. As will be further explained in section 3.2.2, the expected growth 

rate per deposition cycle was around 0.97 Å, indicating that an oxide layer of 512 ALD cycles 

will be approximately 50 nm thick. 

Table 3-II. Main parameters of the PL characterization devices 

Device id tox (Al2O3) t(CIGS)* Annealed Atomic concentration** - CIGS layer 

 [ALD cycles] [μm]  [%Cu] [%In] [%Ga] [%Se] 

5BR 0 0.31 No 22 18 7.0 53 

5BL 512 0.31 No 22 18 7.0 53 

5AR 512 0.31 Yes 22 18 7.0 53 

6BR 0 1.5 No 23 17 7.3 52 

6BL 512 1.5 No 23 17 7.3 52 

6AR 512 1.5 Yes 23 17 7.3 52 

* Measured by surface profilometry (see section 3.2.1) 

** Estimated by X-ray fluorescence spectroscopy (see section 3.2.1) 

 

3.2 MOS and PL devices – Fabrication process 
As the fabrication processes for the MOS and PL devices were identical, except for the 

deposition of the gate contacts, the following described manufacturing procedure is valid for 

both the MOS and PL devices. 

3.2.1 ÅSC baseline SC fabrication – Rear contact and CIGS deposition 
Up until the deposition of the surface passivation layer, the fabrication of the devices was 

according to present “baseline” CIGS solar cell recipes and procedures at Ångström Solar 

Center (ÅSC). As a base, 1 mm thick low-iron soda-lime glasses (SLG) were used. The SLG 

substrates were cleaned with a detergent (Cole-Parmer Micro-90) diluted in deionized (DI) 

water in an ultrasonic bath. After rinsing with DI using ultrasonic agitation, the SLG was dried 

in a spin rinse dryer with nitrogen atmosphere. Upon 10×10 cm2 SLG substrates, 350 ± 20 nm 

thick Mo rear contact layers with a sheet resistance of 0.6 ± 0.1 Ω/square were later deposited, 

using a MRC 603 DC magnetron sputtering system [24]. Before depositing the CIGS films, the 

Mo-coated substrates were cleaned with pressurized CO2 and dried with a N2-gun. 

The CIGS semiconductor layers were deposited in a high-vacuum chamber (Balzers BAK 550), 

via a four source single stage co-evaporation process, on substrates heated to around 510 °C. 

The system can hold three 5×5 cm2 substrates per run and the operating pressure was below 

2×10-6 mbar. During the deposition, the Cu, In, and Ga evaporation rates were monitored by a 

quadrupole mass spectrometer with a feedback control loop to the source powers. Selenium was 

evaporated in excess, and the evaporation rate was controlled by the source temperature 

(example illustrated in Figure 3-C). 
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Figure 3-C.  Substrate and selenium source temperature, during CIGS deposition of device 2AL to 2BR-2 (as-

deposited 1.9 μm CIGS). 

In Figure 3-C above, the substrate temperature and the temperature of the selenium source are 

illustrated for the CIGS layer deposition of device 2AL to 2BR-2. Here, the deposition time 

(shutter open) was about 25 minutes, preceded by a sufficient time period for ramping up and 

stabilizing the sources and substrate temperature, and followed by a time period allowing a 

controlled cool down of the system. 

Only uniform CIGS layers, with respect to the depth profile and concentration rates of Cu, In, 

Ga and Se, have been used in order to facilitate the passivation assessment (e.g. field effect 

passivation via Ga-grading is avoided [13]) and the reproducibility of the experiments. 

Furthermore, by avoiding Ga-graded devices, longer minority carrier diffusion lengths can be 

obtained [13]. The Cu/III and Ga/III ratios for device 2AL to 2BR-2 can be seen in Figure 3-D. 

 

Figure 3-D. Cu/III and Ga/III ratios in the CIGS layer of the 2AL to 2BR-2 (as-deposited 1.9 μm CIGS) devices. 

The final composition of the CIGS layers was determined by X‐ray fluorescence (XRF) 

measurements, in a Spectro X‐lab 2000. The XRF measurements were calibrated using a 

reference sample, according to a linear model. The thickness of the CIGS films was measured 

with a Dektak V 200‐Si profilometer. 
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3.2.2 Temporal ALD – Al2O3 passivation layer deposition  
The Al2O3 passivation layer was deposited in a Picosun Sunale R200 temporal atomic layer 

deposition (ALD) reactor, using trimethylaluminum (TMA) as precursor and an oxygen source 

co-reactant (H2O). During the ALD process, the TMA precursor and H2O co-reactant are 

sequentially transported into a heated (300 °C) reaction zone, resulting in two half reaction steps 

with intermediate inert gas purging steps. The ideal growth process, on a silicon substrate is 

illustrated in Figure 3-E. 

 

Figure 3-E. Schematic overview of the Al2O3 ALD deposition process (taken from [25]). 

In the first half reaction step (a), TMA chemically reacts and bonds to the surface without fully 

decomposing [25]. Before the second half reaction step (b), the vapour methane by-products 

are transported out of the reaction zone using an inert gas flow (N2). In the second half reaction 

step (c), H2O is injected to the deposition zone where it reacts on the surface. The methane 

remains are purged out again (d). Thereafter, the ALD cycle is completed (e), the initial 

hydroxylated surface is restored, and the deposition cycle can be repeated again. 

Throughout the ALD process, the aluminium oxide is ideally deposited mono-layer by mono-

layer, as just described. Hence, the thickness of the passivation layer is determined by the 

number of cycles deposited. The expected growth per cycle for the applied ALD processes was 

0.097 nm, implying an oxide thickness variation of about 3-50 nm for the manufactured 

passivated devices (32-512 ALD cycles). 
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3.2.3 Annealing and gate contact deposition 
Before the deposition of the Al gates, some devices have undergone an annealing process, a 

heat treatment, at around 510 °C in Se-atmosphere in the CIGS deposition chamber for 15 

minutes. However, the PL samples and device 5AR and 6AR have been annealed in a Se-free 

environment. The annealing has been done to mimic the deposition order in the actual solar cell 

fabrication process, where the passivation layer would be deposited before the CIGS film. 

The gate contacts for the MOS devices were evaporated, using an aperture mask, in a Balzers 

BA510 system, which contains an electron-beam heated evaporation source. The electron-beam 

was manually controlled and the evaporation rate and film thickness were monitored with a 

quartz-crystal microbalance. 

As indicated in Table 3-I, three different aperture masks have been used – one giving a 5×5 dot 

pattern with a diameter of 1500 μm per dot, another a 7×7 dot pattern with 500 μm diameters, 

and the last a 4×7 dot pattern with a diameter variation from 125 to 1500 μm. The size of the 

gates was controlled via optical microscope measurements, and shown to be within expected 

ranges. The largest deviations were found for the 5×5 1500 μm aperture mask, with an average 

deviation of 4.5 %. 

In Figure 3-F, three complete MOS devices are shown, where the aluminium gates are clearly 

visible. 

 

Figure 3-F. MOS device 2AR, 2AL-2 and 5AL. 

The two single-diameter masks were available in-house, while the one with different aperture 

sizes was specifically designed for this study, to evaluate the importance of the gate diameter. 

However, the general behaviour of the structures used with this mask showed to be abnormal 

(which is further discussed in section 4.1), resulting in that no evaluation of the gate diameter 

could be done. 

To finalize the MOS samples, contacts to the molybdenum back contact were made by scraping 

off the overlaying layers at the edges of the devices. To prevent long-term oxidization of the 

Mo, it was coated with a thin indium layer. 
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3.3 Characterization of CIGS surface passivation 
This section describes the experimental set-up and measurements that have been made when 

characterizing the surface passivation in this study. 

3.3.1 CV and GV measurements 
The MOS systems were analysed using both cold and room temperature CV/GV measurements. 

The cold measurements were done in a closed nitrogen cooled system at low pressure (below 

0.05 mbar), using an Agilent 4284A LCR-meter. Whereas the room temperature measurements 

were made in a light shielded Alessi REL-4800 probe station, using an Agilent B1500A 

semiconductor device analyser. All CV and GV measurements were taken simultaneously, 

under implementation of a parallel capacitance-conductance electrical circuit model.  

The CIGS MOS systems showed to be highly dependent on the measurement setup parameters 

(which is further discussed in section 4.1), therefore these had to be tuned. The tuning process 

included optimization of the amplitude and frequency of the AC signal, the DC bias voltage 

ramping step and interval, the delay time before measuring at each bias voltage and the hold 

time allowed at the initial bias voltage before starting the measuring sweep. 

For the CV/GV analysis, AC measuring frequencies between 1 kHz and 1 MHz have been 

considered. Initially, the AC frequency was focused to around 100 kHz, which is the frequency 

commonly used when analysing similar silicon based structures [6] [26]. After further 

investigation, frequencies between 10 and 50 kHz were shown to be more appropriate for the 

investigated CIGS MOS devices, which is in line with other studies concerning CV scans of 

CIGS solar cells [27] [28]. 

3.3.2 PL measurements 
The PL of all fabricated devices, including the MOS samples, were measured at room tempera-

ture using a Renishaw inVia system with a 325 nm (UV) Kimmon IK Series He-Cd laser at an 

excitation power of 200 mW and a 785 nm (NIR) Renishaw laser of 5 mW. The same objective 

lens (a 15X UV) has been used for both lasers in order to enhance the comparability. 

The wavelength of the laser determines where in the DUT (device under test) the incoming 

photons are absorbed, and therefore which part of the DUT that is being investigated. The 

penetration depth of the laser can be estimated as the inverse of the absorption coefficient (α-1) 

of the CIGS layer at the specific laser wavelength [21]. Via the extinction coefficients given in 

Paulson et al. [29] for Cu(In1-xGax)Se2 with x = 0.31, the absorption coefficient for the 

investigated CIGS layers was approximated to α(325nm) = 4.25×107 m-1 and α(785nm) = 

5.86×106 m-1, resulting in a laser penetration depth of around 24 nm and 170 nm, respectively.  

Since the PL intensity may vary for different probing positions, each DUT was measured 

several times. Afterwards the PL signals were integrated for a certain energy interval (1.22-1.3 

eV), where the impact of set-up artefacts and intrinsic property dispersions of the different 

CIGS films were expected to be minimized, averaged, and finally normalized for a clearer 

comparison.  
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4 Results and Discussion 
During the CV and GV characterization process, the CIGS MOS systems were shown to be 

highly dependent on the measurement setup boundaries, and deviations from the expected 

CV/GV behaviour were noticeable. Therefore, the first section (4.1) of this chapter is dedicated 

to the complications encountered during the CV/GV analysis, and the impact these 

complications have on the further assessment of the passivation effect.  

The abnormal behaviour was particularly strong for the conductance measurements, where no 

peaks were observed (compared to the example in Figure 2-E), making the Hill-Coleman 

method inapplicable for quantifying the interface trap density. Hence the GV analysis is 

excluded from section 4.2, which addresses the concrete results of the CV study. However, due 

to the complications during the CV characterization, the result of the CV study is exclusively 

based on qualitative observations. 

The photoluminescence characterization indicated that aluminium oxide has a positive 

passivation effect on the examined CIGS absorbers, which is further discussed in section 4.3. 

4.1 Complications with the CV and GV analysis 
All fabricated MOS systems displayed a strong dependency on the applied DC bias voltage 

(VB) interval, as the initial bias level appeared to have a direct impact on the flat band voltage 

(VFB). As illustrated in Figure 4-A, a lower (more negative) applied initial bias voltage resulted 

in a lower flat band voltage of the CV curve. For the as-deposited samples, the initial bias 

voltage and VFB correlation occasionally were so strong that a change in starting bias resulted 

in an equally large shift in VFB (see the CV curves for VB{-5,4} and VB{-4,4} in Figure 4-A). 

 

Figure 4-A. Varied bias voltage (VB) interval for 100 kHz CV sweeps in forward direction. Measured at several 

gates of the 2BR (25nm as-deposited Al2O3) sample, at room temperature. The CV curves have been normalized 

with respect to the highest measured capacitance value. 

The flat band voltage variation with respect to the sweep bias interval, was most likely caused 

by movement of mobile ionic charges in the aluminium oxide layer [14]. To minimize the 

impact of this behaviour when comparing the different MOS systems with each other, the bias 

interval has been kept constant (sweeping from -3 V to 1 V). Nonetheless, this strong VFB 

variation makes the quantification of the fixed charge density in the Al2O3 layers more complex. 
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Another setup related parameter which influenced the flat band voltage was the hold time, 

during which the voltage over the MOS terminals is fixed at the initial VB, before the CV sweep 

starts. As seen in Figure 4-B, the allowed hold time had a direct impact on the capacitance level 

in accumulation as well as on the flat band voltage, which further complicates the quantitative 

evaluation of the passivation effect. 

 

Figure 4-B. Varied hold time, while all other parameters were kept constant. Measured at 50 kHz forward bias, at 

room temperature, for the same gate on the 2BR (25nm as-deposited Al2O3) sample. The CV curves have been 

normalized with respect to the highest measured capacitance value, at 30 seconds hold time. 

For the as-deposited sample in Figure 4-B, an increase in hold time from 1 to 30 seconds caused 

a VFB shift of -1 V and an approximately 3 times larger peak capacitance. The reason for this 

was probably that for longer hold times, the stronger the accumulation of holes at the CIGS 

surface is, and subsequently does an increase in VB (towards more positive voltage) have a 

greater compensational effect on the accumulation created prior to the start of the CV sweep. 

As for the VB interval, the influence of the hold time for the qualitative assessment of Qf and 

Dit has been mitigated by fixing the hold time (at 3 seconds). 

For the conductance measurements, the deviations from the expected behaviour were especially 

noticeable, as no significant peaks in the GV curve were observed near the flat band voltage. In 

the inset of Figure 4-C, a typical GV measurement of an as-deposited device for several 

frequencies is illustrated, along with the simultaneously measured CV curve. The CV curve 

enlightens another complication met during the electrical characterization, which is the strong 

frequency dispersion that was observed for all CV and GV measurements, for all fabricated 

devices. 
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Figure 4-C. Varied AC frequency, while all other parameters were kept constant. Measured at room temperature, 

for the same gate on the 2BR (25nm as-deposited Al2O3) sample. The inset shows the simultaneously measured 

GV curve. 

The consequence of the fact that no conductance peaks were detected, is that the Hill-Coleman 

method cannot be used for determining the interface trap density. The estimation of Dit (and Qf) 

is further complicated by the frequency dispersion, which results in elevated capacitance levels 

in accumulation and a small negative shift in VFB for lower AC frequencies. That frequency 

dispersion is affecting the measurements is common for high-K dielectric films (such as Al2O3), 

and it is due to the frequency dependence of the dielectric constant (the K-value) [30]. Two 

types of frequency dispersion exist in high-K films – intrinsic and extrinsic. The intrinsic 

dispersion is typically caused by a lossy interfacial layer between the semiconductor and oxide, 

while the extrinsic dispersion can be caused by film surface roughness or parasitic effects (such 

as series resistance at the CIGS/Mo back contact, imperfections of the Mo back contact or cable 

and connection losses) [30]. Since the Al2O3/CIGS interface properties are expected to be fairly 

good, due to the passivation effect, and the Al2O3 was deposited via an ALD processes (which 

is known to yield smooth surfaces), the observed frequency dispersion was probably mainly 

due to parasitic effects.   

There exist several correction methods for taking the frequency dispersion into consideration. 

However, since the CV measurements were affected by several parameters, the dispersion 

problem has been addressed by fixing the frequency at rather low levels, 10-50 kHz, where the 

best CV behaviour was observed. Furthermore, this frequency range is in good agreement with 

those used and recommended by other studies regarding CV measurements on CIGS solar cells 

[27] [28]. 

To examine the general quality of the CIGS layer, e.g. the presence of Dit and a potential impact 

on the CV measurements from bulk defects within the CIGS film, low temperature measure-

ments were done at 150K and 250K. At lower temperatures the movement of the charge carriers 

is decreased, which results in a lower recombination rate and less defects having an impact on 

the CV measurement [15]. In other words, the low temperature partially freezes out the interface 

traps and other defects. In Figure 4-D, a CV measurement at 150 K for an annealed device is 

plotted together with two room temperature (RT) measurements. One RT measurement was 
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done using the same setup as for the cold measurement [300K] (with the Agilent 4284A) and 

the other one was made in the room temperature setup [RT] (the normally used Agilent 

B1500A). 

 

Figure 4-D. Temperature influence on the CV measurements. Measured at several gates of the 3AL (25nm 

annealed Al2O3) sample at 10 kHz and 100 kHz forward bias, at room temperature (RT-measured with the room 

temperature setup), 150 K and 300 K (approximately room temperature). The inset shows a magnification of the 

CV curves measured at 150 K. 

In Figure 4-D, the CV curves at 150 K are significantly altered compared to those measured at 

room temperature. The general CV behaviour for the low temperature measurement was 

improved, where a longer and more flat accumulation region was seen. The capacitance level 

in accumulation was lower, and a clear shift in VFB towards positive values was seen. The 

positive shift in flat band voltage indicates that the presence of interface traps was significant 

at room temperature, since the shift probably was due to the fact that the traps no longer could 

follow the DC bias because of the elevated interface trap response time [15]. This reasoning 

could also explain why the VFB shift was slightly larger for 100 kHz than for 10 kHz, at low 

temperature. Another possible contribution to the positive VFB shift at lower temperature, is a 

decreased movement of positive mobile ionic charges within the oxide layer [14]. 

It should also be noticed that from the room temperature measurements in Figure 4-D, any 

significant problems with the room temperature measurement setup (Agilent B1500A) can be 

ruled out, since both measurement setups gave similar results. 

Other complications met during the room temperature electrical characterization, were 

hysteresis behaviour for both the CV and GV curves when measuring in both forward and 

reverse bias directions, negative capacitance values (in the accumulation region) and inverted 

CV curves (with an appearance as originated from a n-type MOS system). The inverted CV 

behaviour was the predominate behaviour observed for the MOS samples having an Al2O3 

thickness of 512 ALD cycles (~50 nm).  

The hysteresis behaviour was observed for all fabricated devices, and was almost fully 

mitigated for the low temperature measurements (at 150 K), which probably was due to the 

previously mentioned reduction in charge movement within the Al2O3 layer [14].  
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The negative capacitance was present for all annealed samples, but the behaviour was more 

evident for devices with thinner oxide layers. For the as-deposited samples, negative 

capacitance was only observed for the thinnest oxide layer (~3 nm). The capacitance is by its 

physical definition always positive, hence the measured negative capacitance ought to be a 

setup related abnormality. This behaviour was probably caused by strong inductive 

contributions to the measured impedance, resulting in an incorrect interpretation of the actual 

capacitance by the LCR-meter [31]. Subsequently, this implies that these samples were very 

conductive at room temperature, which is confirmed by the significantly elevated measured 

conductance during the occurrence of the “negative capacitance”. 

Altogether, the many abnormalities encountered throughout the CV/GV characterization 

processes makes it difficult to make any quantitative estimation of the desired parameters (Qf 

and Dit). However, the quality of the CV measurements for the MOS systems with 1500 μm 

gates and an Al2O3 thickness of 32-256 ALD cycles (~3-25 nm) is sufficient for making a 

qualitative assessment of the field effect passivation and chemical passivation. To improve the 

general CV behaviour of these samples, and their mutual comparability, all measurements taken 

into consideration for the qualitative assessment have been measured under the same setup 

configuration. Except for the fixation of the DC bias interval, hold time and frequencies at 

earlier mentioned levels, a delay time of 1 second, a DC bias step size of 50 mV and an AC 

level of 30 mV were found to be adequate for the investigated MOS systems. 

The MOS systems with 500 μm gates consistently presented unexpectedly low capacitance 

levels, compared to the equivalent systems with 1500 μm gates. Therefore, the 500 μm gate 

systems were excluded from the qualitative assessment. The MOS systems with a 512 ALD 

cycles thick Al2O3 layers were also excluded, due to their abnormal behaviour and deviating 

CIGS film properties compared to the other MOS devices. 

 

4.2 Qualitative results of the CV analysis 
By comparing the CV behaviour of the as-deposited and annealed MOS devices with equally 

thick oxide layers, under the same measurement conditions, a few general trends were noticed. 

As seen in Figure 4-E, a clear positive shift in flat band voltage was observed for all MOS 

devices after annealing.  Furthermore, if the abnormal behaviour of the annealed systems in 

accumulation can be neglected and the section of the CV curve just after the peak capacitance 

is regarded as the depletion region, a steeper capacitance drop in the depletion region could be 

identified for the annealed MOS systems. 

A steeper curve in the depletion region, or a faster transition from accumulation to inversion, 

indicates a lower presence of interface traps (as illustrated in Figure 2-D-(a)).  Hence, the 

chemical passivation appeared to be stronger (or activated) after annealing the systems (at 510 

°C for 15 minutes). However, for the devices with 25 nm Al2O3 the difference was small, which 

may indicate that the annealing process is of less importance for the chemical passivation for 

thicker oxide layers. 
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Figure 4-E. The impact of annealing, a comparison between the as-deposited (AD) and annealed (AN) 1500 μm 

gate MOS samples with equally thick oxide layers. Measured at room temperature, for 10 kHz and 50 kHz forward 

bias. The slope coefficients (k) of the 50 kHz curves in the depletion region can be seen in the attached letter boxes. 

The positive shift in flat band voltage for the annealed MOS structures indicates, according to 

Eq. (2.1.1), that a smaller or more negative fixed charge density was present in the aluminium 

oxide layer after the annealing process. By demonstrating that Qf probably was negative for   

the as-deposited devices, we suggest that also the field effect passivation tends to increase after 

annealing the devices, due to a more negative Qf. 

By combining Eq. (2.1.1) and Eq. (2.1.2), the relation shown in Eq. (4.2.1) can be obtained,  

∆𝑉𝐹𝐵 = −∆𝑡𝑜𝑥 (
𝑄𝑓

𝐾𝑜𝑥𝜀0
)                                                   (4.2.1) 

which implies that a shift in flat band voltage is directly related to a change in oxide thickness, 

for two otherwise identical MOS devices. It should be noted that Qf is assumed to be 

independent of the oxide thickness, since the fixed charges are expected to be located very near 

the Al2O3/CIGS interface [15]. Furthermore, the metal-semiconductor work function is 

expected to be negative (ϕM(Al) ≈ 4.3 eV [32] and ϕS(CIGS) ≈ 5.3 eV [33]). 

Since a positive VFB shift can be noticed for the as-deposited systems when the oxide thickness 

increases (see Figure 4-F) and the denominator of the Qf term in Eq. (4.2.1) is a positive 

constant, the fixed charged density has to be negative to balance the equation. 
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Figure 4-F. Flat band voltage shift as a function of oxide thickness, for the as-deposited (AD) 1500 μm gate 

MOS samples. Measured at room temperature, for 50 kHz forward bias. 

It should be pointed out that the curves in Figure 4-E and Figure 4-F were selected from 

individual measurements to illustrate the general trends that have been observed during the CV 

analysis. The statistical uncertainties of the measurements are to be considered as high. 

Therefore, the specified slope coefficients are purely to be regarded as examples for illustrating 

that the chemical passivation appears to be stronger (or activated) after annealing the MOS 

systems.  

Furthermore, Eq. (4.2.1) is only valid if the compared MOS devices are identical, except 

regarding the oxide thickness. Although the fabricated as-deposited devices are expected to be 

very similar, they are not identical, and the 25 nm Al2O3 sample deviates somewhat from the 

trend indicated in Figure 4-F. Nonetheless, the negative fixed charge density as well as the 

positive VFB shift for thicker as-deposited oxide layers have also been observed by Hsu et al. 

[34] for similar structures. In addition to the observations made by Hsu et al., Goverde et al. 

[35] reports an increased negative Qf for Al2O3/Si MOS structures after annealing at 500 °C, 

supporting the observed trend of the field effect passivation's tendency to increase after 

annealing due to a more negative Qf. 

 

4.3 Results of the photoluminescence analysis 
For the photoluminescence analysis, the PL of all fabricated structures was measured at room 

temperature. However, the samples having a 0.31 μm thick CIGS layer did in general have 

weak and noisy PL signals compare to the other structures, at equal laser excitation powers. 

Therefore, these devices were excluded from the comparative analysis in this section. 

In Figure 4-G, where the PL spectra of all fabricated 1500 μm gate MOS samples are illustrated, 

two significant spectral peaks can be seen. The largest peak is located at around 1.21 eV and 

the smaller at around 1.18 eV. However, the normal room temperature PL spectrum of CIGS is 

commonly dominated by one spectral peak related to band-band (BB) transitions, as mentioned 

in section 2.1.2. Therefore, the observed peaks were most likely caused by setup artefacts 

(which are known to be present around these energy levels) and cannot be related to any 

recombination mechanisms. In Figure 4-G is the expected spectral peak for the as-deposited 25 
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nm Al2O3 sample illustrated, as well as the energy interval for which the setup artefacts are 

believed to have an impact on the PL signal. 

 

Figure 4-G. PL spectra of all fabricated 1500 μm gate MOS samples, measured at room temperature with a 785 

nm NIR laser. The expected non defect altered spectral peak for the 2BR device is illustrated in the graph. The 

encircled part of the main spectra represents the interval where the setup artefacts are believed to alter the PL 

signal.  

Worth mentioning is however that the measured spectra in Figure 4-G appears to be similar to 

the spectrum measured by Cheng et al. [36] for a similar structure, at temperatures above room 

temperature. Cheng et al. relates the largest peak to band-impurity recombination and the 

smaller to donor-acceptor pair recombination. Nevertheless, as BB transitions normally 

dominate the spectra of CIGS at room temperature, it is believed to be the case also for the 

DUTs in this study. 

It should be noted that both the spectra in Figure 2-F and the Cheng et al. spectrum were 

measured on full CIGS solar cells, including a CdS buffer layer, and that the spectral peaks 

appeared at lower energy levels. However, the band gap of the CIGS layer in Cheng et al. was 

slightly lower than what is excepted in this study (1.08 eV compared to ~1.12 eV), which may 

explain the shifted spectra. The band gaps for the measured cells in Figure 2-F are unknown. 

Furthermore, since the band gap of CdS is around 2.43 eV [37], no CdS originated PL should 

appear for the investigated energy levels, meaning that the spectra in this study most likely 

should be comparable to those performed on CIGS solar cells. The photon absorption of the 

Al2O3 layers is expected to be below the detection limit (unmeasurable) [38] and should not 

affect the PL spectrum. 

To assess the passivation effect, the intensity of the PL spectrum for a laser excitation 

wavelength of 325 nm was used. As seen in Figure 4-H, the spectrum given by the 325 nm laser 

was affected by additional set-up related artefacts in the outer regions of the spectrum. 

However, since the aim was to investigate the CIGS surface, the shallower penetration depth of 

the 325 nm laser (24 nm) was preferred. To avoid any set-up related noise when comparing the 

PL intensity of the DUTs, the PL intensity was integrated from 1.22 eV to 1.30 eV. For this 

interval the spectra of all DUTs were very similar, as illustrated in Figure 4-H. 
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Figure 4-H. PL spectrum of the devices having the thickest oxide layers. Measured at room temperature with a 

325 nm UV laser. The bordered area represents the integrated part of the PL spectrum used for the qualitative 

analysis (1.22-1.30 eV). 

The integrated PL intensity of all 1500 μm gate MOS structures and the PL samples with thicker 

CIGS films can be seen in Figure 4-I, along with the integrated intensity of the corresponding 

unpassivated reference sample. The passivated CIGS films showed a clear intensity increase, 

which indicates that Al2O3 successfully can be used to passivate the CIGS surface. 

 

Figure 4-I. Integrated PL intensity as a function of oxide thickness, for all fabricated 1500 μm gate MOS samples 

and PL sample 6AR and BL. Measured at room temperature with a 325 nm UV laser. The PL intensities have been 

normalized with respect to the highest recorded intensity. (AD=as-deposited, AN=annealed, REF=unpassivated 

reference (corresponding Mo/CIGS structure without Al2O3)) 

The passivation effect appeared to increase as a function of the oxide thickness, up to an oxide 

thickness of 25 nm. For an Al2O3 thickness of 50 nm the passivation effect seemed to stabilize 

for the as-deposited sample, while a slight decrease could be seen for the annealed sample. 

However, since the CIGS films were thinner for the 50 nm oxide samples, this trend cannot be 

verified. The relative PL intensity gains for the as-deposited 6-25 nm Al2O3 structures were 9-

20 times compared to the unpassivated reference sample, which correspond well with the levels 
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observed by Hsu et al. [34], whereas Hsu et al. saw a significantly increased PL intensity (about 

200 times the reference intensity) for an oxide thickness of 50 nm. 

It is noteworthy that the PL intensity of the annealed samples was consistently lower than that 

of the as-deposited structures, especially since the CV analysis indicated that the passivation 

effect was stronger for the annealed samples. This may possibly be explained by the indicated 

more negative oxide charge density (after annealing) causing a higher surface potential, which 

can increase the band bending in the CIGS layer near the Al2O3/CIGS interface, resulting in a 

wider depletion region and a reduced PL intensity [23].  

Nonetheless, the PL intensity was significantly stronger for both the as-deposited and the 

annealed samples compared to the unpassivated references, implying that the Al2O3 layers had 

a positive passivation effect on the investigated CIGS absorber layers. Furthermore, since the 

PL intensity was stronger also for the as-deposited structures, it would be fair to assume that 

also the chemical passivation was contributing to the increased photoluminescence of the 

passivated as-deposited CIGS films.  
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5 Conclusions  
In this study, the feasibility of using temporal ALD Al2O3 to passivate the surface of co-

evaporated CIGS absorber layers has been demonstrated, by qualitative electrical and optical 

characterization methods. Via room temperature CV measurements, the formation of a negative 

fixed charge density within the Al2O3 was indicated, which implies that the CIGS surface 

recombination had reduced due to an active field effect passivation. A positive shift in flat band 

voltage was observed after annealing the Al2O3 layers, which indicates that the field effect 

passivation appear to increase after annealing, due to a more negative Qf. After annealing has 

also a faster transition from accumulation to inversion been seen, which may be explained by a 

lower density of interface traps due to a stronger or activated chemical passivation after 

annealing. 

However, the attempts of quantitatively determine Dit via a conductance based method failed, 

since no peaks in the GV curve were seen near the flat band voltage. Furthermore, due to a 

strong setup dependency and an occasionally abnormal CV behaviour, neither Qf  nor Dit could 

be quantitatively estimated using room temperature CV analysis. It was especially the used bias 

voltage and hold time that had an unexpected high influence on the CV and GV measurements. 

Altogether, the abnormalities encountered throughout the room temperature CV/GV 

characterization processes suggests that it is not an adequate characterization method to 

quantitatively assess the field effect passivation or the chemical passivation of CIGS absorber 

layers. 

Nevertheless, as indicated by the optical characterization, the photoluminescence intensity was 

significantly stronger for both the as-deposited and the annealed samples compared to the 

unpassivated references, implying that Al2O3 has an active chemical and field effect passivation 

effect on the investigated CIGS films. The indicated reduced surface recombination rate, when 

introducing the Al2O3 layer, suggests that the cell efficiency could be increased if a similar 

passivation layer were to be implemented in CIGS solar cells. 

Due to the simplicity and nonphysical probing technique of the PL measurements, this analysis 

method may be a viable alternative for a rapid qualitative estimation of the general interface 

qualities and surface recombination rates, also for CIGS solar cells.  
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6 Recommendations 
Since the general CV behaviour in this study showed tendencies of improving at low 

temperatures (150 K), it would be interesting to evaluate the possibilities of using a low 

temperature CV method for quantifying  Dit, such as the Jenq method [39], in future studies. 

The fixed oxide charge density quantification could be simplified by having identical MOS 

systems and measuring the flat band voltage for various oxide thicknesses, hence Qf would be 

directly related to the shift in VFB. Practically, this could be done by gradually etching off the 

oxide layer of the same MOS system, as described by W.M Werner [40].  
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