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Abstract 

Although solar energy is the most abundant energy resource available, 

photovoltaic solar cells must consist of sufficiently abundant and environmentally 

friendly elements, for scalable low-cost production to provide a major amount of 

the  world’s   energy   supply.     However,   scalability   is   limited   in   current   thin-film 

solar cell technologies based on Cu(In,Ga)(S,Se)2 and CdTe due to scarce, 

expensive, and toxic elements.  Thin-film solar cells consisting of earth-abundant 

and non-toxic materials were made from pulsed chemical vapor deposition 

(pulsed-CVD) of SnS as the p-type absorber layer and atomic layer deposition 

(ALD) of Zn(O,S) as the n-type buffer layer.  Solar cells with a structure of 

Mo/SnS/Zn(O,S)/ZnO/ITO were studied by varying the synthesis conditions of 

the SnS and Zn(O,S) layers.  Annealing SnS in hydrogen sulfide increased the 

mobility by more than one order of magnitude, and improved the power 

conversion efficiency of the solar cell devices.   

Solar cell performance can be further optimized by adjusting the 

stoichiometry of Zn(O,S), and by tuning the electrical properties of Zn(O,S) 

through various in situ or post-annealing treatments.  Zn(O,S) can be post-
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annealed in oxygen atmosphere or doped with nitrogen, by ammonium hydroxide 

or ammonia gas, during the ALD growth to reduce the carrier concentration, 

which can be critical for reducing interface recombination at the p-n junction.  

High carrier concentration buffer layers can be critical for reducing contact 

resistance with the ITO layer.  Zn(O,S) can also be incorporated with aluminum 

by trimethylaluminum (TMA) doses to either increase or decrease the carrier 

concentration based on the stoichiometry of Zn(O,S). 
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Chapter 1 

Introduction 

 

1.1 Solar Cells 

Solar energy is the most abundant energy resource available to 

humankind.  The Sun continuously delivers 1.2 × 105 terawatts of energy to Earth, 

which dramatically exceeds the rate at which humans use and produce energy, 

about 13 terawatts.  In other words, humans use about 4.6 × 1020 joules of energy 

annually, which is the same amount of solar energy delivered to Earth in one 

hour [1].  As these values show, solar energy has an enormous potential as a 

practical alternative to fossil fuels.  However, cost and conversion capacity limits 

the commercial use of solar energy.  In order for solar energy to become a 

practical alternative to fossil fuel, there needs to be a low-cost efficient 

conversion technology to convert solar photons into electricity, fuel, and heat. 

Despite the large potential of solar energy, it supplies only a very small 

fraction of our energy needs.  In order to overcome the gap between the small 

utilization and large potential of solar energy, much research is motivated to 
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enhance the efficiency of the energy conversion process while still using low-cost 

manufacturing processes with inexpensive materials.  Thus, materials must 

consist of earth-abundant and non-toxic elements in order for scalable and 

environmentally friendly photovoltaic (PV) applications.  Crystalline silicon is 

used in most PV modules with efficiencies up to 27.6%.  Although silicon is an 

earth-abundant material, the purification of the required thickness of crystalline 

silicon is expensive.  Thinner material can be used with amorphous silicon due to 

its stronger absorption of light.  However, the growth rate of amorphous silicon is 

far too slow to allow low-cost production and efficiencies only up to 13.4% was 

achieved.  Current thin-film technologies using Cu(In,Ga)(S,Se)2 and CdTe have 

shown to be promising, reaching efficiencies up to around 22.8%.  However, 

scalability is limited with these absorber materials due to the use of rare, 

expensive and/or toxic elements, such as In, Ga, Se, Te, and Cd [2].  Therefore, it 

is crucial to investigate PV devices based on earth-abundant and non-toxic 

materials produced from fast and low-cost production methods. 

 

1.2  Buffer Layers 

For CIGS based thin-film solar cells, laboratory efficiencies have been 

reached up to about 22.8%.  In a typical CIGS based solar cell, the n-type buffer 

layer is deposited on top of the p-type CIGS absorber layer, as shown in 
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Figure 1.2.1.  The energy band diagram of this solar cell structure is shown in 

Figure 1.2.2.  In CdTe based solar cells, CdS is also conventionally used as the n-

type material partner as shown in Figure 1.2.3. 

 

 

Figure 1.2.1. Conventional device structure for Cu(In,Ga)(Se,S)2 (CIGS) based 
solar cells. [Source: National Renewable Energy Laboratory (NREL)] 

 

 

Figure 1.2.2. Energy band diagram in conventional CIGS-based solar cells [3]. 
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Figure 1.2.3. Conventional device structure for CdTe-based solar cells. [Source: 
NREL] 

 

The role of the buffer layer is to reduce surface recombination at the 

buffer/absorber interface and to improve band bending across the junction.  These 

kinds of solar cells have shown to produce the best efficiency with using a CdS 

buffer layer.  However, CdS is motivated to be replaced by another material 

because CdS is a hazardous material and has a low bandgap (Eg ≈  2.4  eV),  which  

leads to photocurrent loss in the short-wavelength region.  This can be improved 

by replacing the CdS with a larger bandgap material, which would improve the 

short-circuit current (JSC).  For an alternative to the CdS layer, zinc-based buffer 

layers such as ZnS and ZnO have been investigated, but show significant 

problems in the band alignment that will be discussed further.  This thesis will 

discuss on improving the conversion efficiency of devices by optimization of the 
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band alignment through controlling the sulfur/oxygen concentration and thickness 

of the zinc-based buffer layer. 

In the one-diode model, the current is given by the following: 

Lssh
s JJRVG

nkT
JRq(VJJ ���»¼

º
«¬
ª �

�
 )(1)exp0   [1.2.1] 

where J0 is the saturation current, q is the elementary charge, Rs is the series 

resistance, n is the ideality factor, Gsh is the shunt conductance, and JL is the light 

generated current.   

The energy conversion efficiency (η) of a solar cell is defined as the 

following equation: 

FFJV
PP

P
scoc

inin
���  

1maxK      [1.2.2] 

where Pin is the power in the incoming radiation, and FF is the fill factor defined 

as Pmax/ VOC∙ JSC.  The maximum power point, Pmax is the desired operating point 

of the solar cell.  From the illuminated current density-voltage (J-V) curve, the 

open-circuit voltage (VOC) and the short-circuit current (JSC) can be determined, as 

shown in Figure 1.2.4.  Assuming zero shunt conductance and zero series 

resistance, VOC can be expressed in the following form: 

¸
¹
·

¨
©
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0J
J

q
nkTV sc
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Since a buffer layer with a higher bandgap would improve the JSC, this should 

improve the VOC based on Equation 1.2.3, and thus improve the conversion 

efficiency. 

 

Figure 1.2.4. Current-Voltage (J-V) characteristics of a solar cell with and without 
illumination.  The short-circuit current (JSC), open-circuit voltage (VOC), and 
maximum power point (Pmax) are defined [4]. 

 

For CIGS thin-film solar cells, studies replacing the CdS buffer layer with 

ZnS (Eg ≈   3.8)   have   shown   that   the   conduction   band   offset   (CBO)   at   the  

ZnS/CIGS interface was measured to be above 1 eV.  Because the CBO barrier is 

too large to allow electrons to pass from the CIGS absorber to the ZnO:Al front 

electrode, the photocurrent is significantly reduced.  In the case of simply 

removing the CdS buffer layer by depositing ZnO right on top of CIGS, produces 

a negative CBO at the ZnO/CIGS interface.  This leads to enhanced surface 
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recombination, which reduces the open-circuit voltage (VOC).  Given the two cases 

of replacing CdS with ZnS and ZnO, it is important to find a buffer layer that 

forms optimal CBO at the buffer/CIGS interface while still having a large enough 

bandgap to create a sufficient amount of valence band offset (VBO) at the 

buffer/absorber interface.  There also needs to be a sufficient amount of barrier at 

the ZnO/buffer interface so that the electrons do not flow back up to the absorber 

layer.  This can be done by controlling the sulfur/oxygen concentration of a 

Zn(O,S) buffer layer, as reported from the Törndahl group at Uppsala 

University [5]. 

 

1.3  Atomic Layer Deposition and Pulsed Chemical Vapor 

Deposition 

As discussed in the previous section, accurate control of the stoichiometry 

of Zn(O,S) is important in optimizing the band alignment at the buffer/absorber 

interface.  Control of the stoichiometry of the buffer material can be easily done 

by atomic layer deposition (ALD) through simply varying the number of doses of 

each of the precursors.  ALD is a self-limiting layer-by-layer deposition process, 

where each precursor is exposed to the substrate at an elevated temperature one at 

a time with nitrogen gas purging steps in between, as depicted in Figure 1.3.1.  
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ALD gives accurate and simple control of the thickness and various properties of 

the film with good reproducibility. 

 

Figure 1.3.1. Schematic representation of the process of atomic layer 
deposition (ALD). 

 

Despite the many advantages that ALD provides, ALD is still a very slow 

process, and this becomes a problem when growing materials requiring a thicker 

thickness, such as the absorber layer.  Pulsed chemical vapor deposition (pulsed-

CVD) involves exposing a precursor to the substrate while another precursor is 

already exposed, and the nitrogen purging step is eliminated.  This significantly 

reduces the time required to grow the film, as illustrated in Figure 1.3.2. 

 

Figure 1.3.2. Schematic representation of the process of pulsed chemical vapor 
deposition (pulsed-CVD). 
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Chapter 2 

Co-Optimization of SnS Absorber 

and Zn(O,S) Buffer Materials for 

Improved Solar Cells 

 

2.1  Chapter Abstract 

Thin-film solar cells consisting of earth-abundant and non-toxic materials 

were made from pulsed chemical vapor deposition (pulsed-CVD) of SnS as the p-

type absorber layer and atomic layer deposition (ALD) of Zn(O,S) as the n-type 

buffer layer.  The effects of deposition temperature and annealing conditions of 

the SnS absorber layer were studied for solar cells with a structure of 

Mo/SnS/Zn(O,S)/ZnO/ITO.  Solar cells were further optimized by varying the 

stoichiometry of Zn(O,S) and the annealing conditions of SnS.  Post-deposition 

annealing in pure hydrogen sulfide improved crystallinity and increased the 
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carrier mobility by one order of magnitude, and a power conversion efficiency up 

to 2.9% was achieved.   

 

2.2  Introduction 

Tin monosulfide (SnS) is a promising alternative p-type absorber material 

to conventional Cu(In,Ga)(S,Se)2 (CIGS) and CdTe due to its earth-abundancy 

and non-toxicity, suitable bandgap of 1.1 – 1.5 eV [1,2], and high absorption 

coefficient above 104 cm-1 [3,4].  Furthermore, SnS is a binary compound that 

involves simpler growth chemistry compared to Cu2ZnSn(Se,S)4 [5,6], another 

investigated earth-abundant absorber material.  Zinc oxysulfide, Zn(O,S), has 

shown to be a promising non-toxic n-type buffer layer to replace the conventional 

toxic CdS [7,8] in CIGS-based solar cells [8].  Zn(O,S) allows simple tuning of 

the conduction band offset (CBO) at the p-n junction interface by optimizing the 

oxygen and sulfur contents of Zn(O,S) [9-11], which can be easily done with 

atomic layer deposition (ALD) by altering the number of pulses for each 

precursor [7,12,13].  Such tunability of the buffer layer is important, since a 

“cliff”   structure   in   the   conduction-band energy alignment (Ec,absorber > Ec,buffer) 

increases  interface  recombination,  whereas  a  “spike”  structure  (Ec,absorber < Ec,buffer) 

forms a barrier that blocks photocurrent collection for CBO larger than 0.5 eV 

[8,14-19].  Recently, heterojunction solar cells using a p-type SnS absorber layer 

and an n-type ZnO-based buffer layer have shown to be a promising path towards 
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earth-abundant non-toxic thin-film solar cells exhibiting a certified total-area 

record efficiency of 2.04% (uncertified active-area efficiency of 2.46%) with 

Zn(O,S) buffer layers [9], and an efficiency of 2.1% with Zn1-xMgxO buffer layers 

[20].  Although SnS exhibits properties suitable for an absorber layer, grain 

boundaries and defects such as sulfur vacancies in the bulk can induce 

recombination centers, which diminish the performance of the solar cells [21].  

Such defects can be reduced or eliminated by providing sulfur to the film through 

an appropriate post-annealing atmosphere. 

In this investigation, we grow SnS by pulsed-chemical vapor deposition 

(pulsed-CVD) from a cyclic tin(II) amide precursor [22] and improve its quality 

by varying the temperatures of growth and post-deposition annealing.  The device 

performance was further improved by optimizing the oxygen and sulfur contents 

of the Zn(O,S) buffer layer.  Since different growth and annealing conditions of 

SnS can change the conduction-band energy level of the absorber layer, tuning of 

the CBO through the Zn(O,S) buffer layer composition is critical to optimizing 

the band alignment across the junction [23].  For the optimum conditions, the 

solar cell efficiency reaches 2.9%. 

 

2.3  Experiments 

Solar cell devices with a structure of 

Si/SiO2/Mo/SnS/Zn(O,S)/ZnO/ITO/Ag were fabricated.  A schematic diagram of 

the  device  stack  is  shown  in  Figure  2.2.1(a).    A  bilayer  of  Mo  (1  μm,  0.3  ohm/sq) 
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was sputtered onto silicon (100) substrates with about 300 nm of silicon dioxide 

on top.  The first layer of Mo was sputtered for 30 min at a working pressure of 

10 mTorr, and the second layer for 30 min at 2 mTorr [24].   

A pulsed-CVD process was used to grow ~500 nm of SnS using N2,N3-di-

tert-butyl-butane-2,3-diamido-tin(II) (C12H26N2Sn, Sigma Aldrich) and 4% H2S in 

N2 for the Sn and S precursors, respectively.  The structure of the Sn precursor is 

shown in Figure 2.2.1(b).  SnS films were grown at either 70°C or 120°C, and the 

Sn precursor source was kept at 40°C.  Each pulsed-CVD cycle consisted of a 

dose of the Sn precursor with N2 assistance for 1 s, then a dose of H2S to mix and 

react with the Sn precursor in the deposition zone for 1 s in closed valve mode, 

and then evacuation for 2 s.  The pressures for the Sn precursor, N2 assist, and 

H2S were 3.7, 152.4 and 154.5 Torr, respectively. The volumes of the vapor space 

used for dosing each precursor were approximately 13.6, 29.9, and 10.7 mL for 

the Sn precursor, N2 assist, and H2S, respectively and were all kept at 40°C.  

Based on these values, the exposure of each dose of Sn precursor, N2 assist, and 

H2S were approximately 0.20, 18, and 6.50 Torr·s, respectively.  SnS films were 

annealed in pure H2S (constant flow) with a vapor pressure of ~6.5 Torr for 1.5 h 

at temperatures of 200°C, 300°C, and 400°C.  Based on the phase diagram of SnS 

and previous studies [25,26], SnS is known to evaporate congruently, and 

stoichiometry of the films should remain the same for the annealing temperatures 

investigated in this study.   



 

14 
 

 

Figure 2.3.1.  (Color) (a) Schematic diagram of the solar-cell device stack under 
short-circuit conditions and (b) structural formula for the Sn precursor.  
SnS/Zn(O,S) band-alignment was drawn in accordance with the ultraviolet 
photoelectron spectroscopy (UPS) measurements from previous study by L. Sun 
et al. [23]. 

 

Zn(O,S) (30 nm) and ZnO (10 nm) were grown at 120°C by ALD.  

Diethylzinc (DEZ, Zn(C2H5)2, Strem Chemicals), deionized H2O, and a gas 

mixture of 4% H2S in N2 were used as the zinc, oxygen, and sulfur sources at 

room temperature, respectively.  The pressures for the Zn precursor, H2O, and 

H2S were 7.5, 7.8, and 154.5 Torr, respectively. The exposures used for each dose 

of DEZ, H2O, and H2S are estimated to be approximately 0.13, 0.15, and 6.50 

Torr·s with trapped volumes of 4.4, 4.8, and 10.7 mL, respectively, which were 

all kept at 40°C.  Each precursor was exposed to the substrate for 1 s using closed 

valve mode.  The purge times for each precursor were 30, 30, and 10 s for DEZ, 
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H2O, and H2S, respectively.  The ALD sequence for Zn(O,S) was 

(DEZ/N2/H2O/N2) × m + (DEZ/N2/H2S/N2) × n, where m and n indicate the 

number of pulses for ZnO and ZnS, respectively.  Stoichiometry of the Zn(O,S) 

films was measured by Rutherford backscattering spectroscopy (RBS).  By RF 

magnetron sputtering, 200 nm of indium tin oxide (ITO) was deposited at room 

temperature through a shadow mask to define the device area (0.25 cm2).  For the 

top electrode, 500 nm of Ag was electron-beam evaporated through a shadow 

mask at room temperature.   

Current density vs. voltage (J-V) characteristics were measured with a 

Keithley 4200 sourcemeter.  The standard 100 mW/cm2 (1 Sun) illumination was 

generated by a Newport Oriel 91194 solar simulator with a 1300 W Xe-lamp 

using an AM1.5G filter, and a Newport Oriel 68951 flux controller calibrated by 

an NREL-certified Si reference cell equipped with a BK-7 window.  External 

quantum efficiency (EQE) measurements were performed with a PV 

Measurements Model QEX7 tool at room temperature.   

Van der Pauw measurements and Hall effect were used to determine the 

carrier concentration and carrier type of individual layers. The carrier mobility 

was then determined from ρ = 1/peμ, where ρ is the resistivity, p is the carrier 

concentration, e is the electron charge, and μ is the carrier mobility.  Cross-

sectional (with 12° tilt) and plan-view morphology of SnS films were examined 

by field-emission scanning electron microscopy (FESEM, Zeiss, Ultra-55).  The 
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crystal structure and texture of the films were analyzed by x-ray diffraction 

(XRD, PANalytical X-Pert Pro) with Cu Kα radiation using a θ-2θ scan.  SnS 

films were grown on quartz substrates for Hall measurements, on a layered 

substrate of Si/SiO2/Mo for XRD analysis, on glassy carbon substrates for RBS, 

and on Si(100) substrates for FESEM.   

 

2.4  Results and Discussion 

The dependence of H2S annealing temperature on the electrical properties of 

SnS were investigated.  Figure 2.3.1 compares SnS films grown at 70°C (dotted) 

and 120°C (solid).  Resistivity of the films tended to decrease with increasing 

annealing temperature, and hole carrier concentrations ranged from 1015 to 1016 

cm-3 for both deposition temperatures.  The hole mobility increased with the H2S 

annealing temperatures.  Raising the deposition temperature from 70°C to 120°C 

improved the mobility of the as-deposited SnS film from 1 to 4 cm2/V·s.  The 

mobility of the as-deposited film grown at 120°C is comparable to the film grown 

at 70°C and annealed at 300°C.  Annealing films grown at 120°C, improved the 

mobility from 4 to 10 cm2/V·s.  The enhanced mobility could be due to the 

improvement of crystallinity (point and extended defects).  Grain growth from 

annealing is observed in the cross-sectional and plan-view SEM images shown in 

Figure 2.3.2.  Much larger grain growth after H2S annealing was observed for the 
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higher deposition temperature.  This is because the grains of the as-deposited film 

grown at 120°C start off larger than those grown at 70°C.  Raising the deposition 

temperature to 120°C also eliminated pinholes that were observed to increase in 

number with annealing temperature for films deposited at 70°C. 

 

 

Figure 2.4.1.  (Color) Plot of resistivity (green), hole carrier concentration (blue), 
and hole mobility (red) vs. annealing temperature in H2S, for SnS films deposited 
at 70°C (dotted) and 120°C (solid).   Resistivity and carrier concentration are 
plotted on a semilog scale, whereas mobility is plotted on a linear scale. 
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Figure 2.4.2.  (Color) (a) Cross-sectional (with 12° tilt) and (b) plan-view FESEM 
images of as-deposited SnS grown at 70°C and 120°C, and SnS post-annealed at 
400°C in H2S. 
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For SnS films grown at 120°C, the effect of H2S annealing temperature on 

the solar-cell performance was investigated for a fixed Zn(O,S) buffer layer with 

S/Zn = 0.37, as determined by RBS.  Figure 2.3.3 shows J-V plots under dark and 

1 Sun illumination.  Compared to the device with as-deposited SnS, the devices 

with SnS annealed in pure H2S resulted in larger short-circuit current densities 

(JSC) and open-circuit voltages (VOC) due to the improvement of the SnS absorber 

layer quality.  The improvement in VOC can be explained by the overall tendency 

shown in the dark saturation current, whereas the improvement in JSC can be 

explained by the improved carrier collection (Fig. 2.3.6a).  The device with SnS 

annealed at 300°C showed a cell performance of JSC = 17.9 mA/cm2, VOC = 256 

mV, FF = 42.0%, and η = 1.9%, and the device with SnS annealed at 400°C 

showed a cell performance of JSC = 18.5  mA/cm2, VOC = 235 mV, FF = 42.8%, 

and η = 1.9%, as summarized in Table 2.3.1.  The device with SnS annealed at 

300°C showed improvement with less leakage current compared to the device 

with as-deposited SnS.  However, the leakage current increased when annealing 

SnS at 400°C in pure H2S, resulting in lower VOC. 
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Figure 2.4.3.  (Color) (a) Current density vs. voltage (J-V) plots under dark 
(dotted) and 1 Sun illumination (solid) and (b) semilog J-V plots under dark for 
devices with the SnS layer annealed at different temperatures having Zn(O,S), 
S/Zn = 0.37 as the buffer layer.  

 

SnS Annealing JSC (mA/cm2) VOC (mV) FF (%) η (%) 

As-deposited, Tdep = 120°C 7.8 200 36.2 0.6 

H2S 200°C 14.4 222 45.7 1.5 

H2S 300°C 17.9 256 42.0 1.9 

H2S 400°C 18.5 235 42.8 1.9 

 

Table 2.4.1.  Solar cell parameters of devices with Zn(O,S), S/Zn = 0.37 as the 
buffer layer.  
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 For devices with SnS annealed in H2S at 300°C and 400°C, different 

stoichiometries of Zn(O,S) were investigated to further improve the band 

alignment of the solar cell, as shown in the J-V characteristics under dark and 1 

Sun illumination in Figure 2.3.4.  For both SnS annealing temperatures, higher 

sulfur content in Zn(O,S) led to lower current leakage.  For the devices with SnS 

annealed at 300°C, as the sulfur content in Zn(O,S) increased, the JSC decreased 

and the VOC increased due to the increase in the conduction band energy level of 

Zn(O,S) [23].  For Zn(O,S) with S/Zn = 0.50, the device performance improved 

with  JSC = 14.1  mA/cm2, VOC = 305 mV, and FF = 53.1%, as summarized in 

Table 2.3.2.  The efficiency increased to η = 2.3%, due to the improvement in VOC 

and FF.  However, for Zn(O,S) with S/Zn > 0.50, the device performance 

significantly deteriorated because the conduction band energy level of Zn(O,S) 

was too high, impeding the photo-generated electron flow, and resulting in very 

low JSC and poor FF.  For the devices with SnS annealed at 400°C and Zn(O,S) 

with S/Zn = 0.14, the rectifying behavior was lost due to the high conductivity of 

the buffer layer.  For the devices with SnS annealed at 400°C and Zn(O,S) with 

S/Zn > 0.14, the JSC increased with decreasing sulfur content in the buffer layer.  

The solar cell performance improved to JSC = 24.9 mA/cm2, VOC = 261 mV, FF = 

44.4%, and η = 2.9% for Zn(O,S) with S/Zn = 0.26 and SnS annealed at 400°C.  

For the devices with SnS annealed at 300°C and 400°C, the optimum Zn(O,S) 
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S/Zn ratios were 0.50 and 0.26, respectively.  This variation in optimum Zn(O,S) 

sulfur content is probably due to the change in surface conduction-band position 

of SnS from the different annealing conditions, leading to different CBO at the 

SnS/Zn(O,S) interface. 

 

 

Figure 2.4.4.  (Color) (a, c) J-V characteristics under dark (dotted) and 1 Sun 
illumination (solid) and (b, d) semilog J-V characteristics under dark for devices 
with varied stoichiometry of the Zn(O,S) buffer layer.  Comparison of the SnS 
layer annealed in H2S at 300°C (a, b) and 400°C (c, d).  
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SnS Annealing S/Zn in Zn(O,S) JSC (mA/cm2) VOC (mV) FF (%) η (%) 

H2S 300°C 0.14 20.4 181 40.1 1.5 

 
0.26 17.6 212 43.7 1.6 

 
0.37 17.9 256 42.0 1.9 

 
0.50 14.1 305 53.1 2.3 

 
0.64 4.6 289 25.1 0.3 

H2S 400°C 0.14 19.4 79 26.4 0.4 

 
0.26 24.9 261 44.4 2.9 

 
0.37 20.1 260 43.9 2.3 

 
0.50 14.0 254 29.3 1.1 

 

Table 2.4.2.  Comparison of solar cell parameters of devices with SnS deposited 
at 120°C and annealed at 300°C and 400°C using different Zn(O,S) layers. 

 

Figure 2.3.5 shows the XRD scans of as-deposited SnS grown at 70°C, 

and as-deposited and H2S annealed SnS films grown at 120°C. The as-deposited 

films mainly have the cubic structure (JCPDS No. 04-004-8426) that is reported 
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to be stable at low temperatures [27].  After annealing, the films convert to the 

orthorhombic phase (JCPDS No. 00-039-0354) that is stable at higher 

temperatures [28].  The orthorhombic (111) peak of SnS decreases as the 

deposition temperature increases from 70°C to 120°C.  For films grown at 120°C, 

the orthorhombic (111) peak increases with H2S annealing, and the orthorhombic 

(021) peak increases with increasing annealing temperature.  Such change in 

crystal orientation from the different annealing temperatures is probably why the 

surface conduction-band position of SnS changes [29-31], resulting in variation of 

the optimum Zn(O,S) sulfur content for the solar cell devices [9]. 

 

 

Figure 2.4.5.  (Color)  X-ray diffraction scans of the as-deposited SnS grown at 
70°C and 120°C, and SnS films grown at 120°C annealed in pure H2S at various 
temperatures.  Vertical lines represent orthorhombic SnS (o-SnS), cubic SnS (c-
SnS), and Mo diffraction peak positions listed by JCPDS No. 00-039-0354, 04-
004-8426, and 00-004-0809, respectively. 
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Figure 2.4.6.  (Color) External quantum efficiency (EQE) of the various solar cell 
devices.  

 

External quantum efficiency measurements can be found in Figure 2.3.6.  

For devices with increasing annealing temperature of SnS, EQE near the high 

wavelength region (λ > 600 nm) increased significantly, whereas EQE near the 

low wavelength region (λ < 450 nm) remained approximately the same.  The EQE 

enhancement at high wavelengths indicates collection-length improvement with 

H2S annealing of SnS.  Crystallinity improvement could be a possible reason for 

the improvement in collection length as shown by the increased red light response. 

For devices with SnS annealed at 400°C, EQE remained similar in the low 

wavelength region (λ < 450 nm) despite the different sulfur contents in Zn(O,S), 

which is probably because Zn(O,S) is only 30 nm thick, allowing the ITO layer to 

do most of the absorbing for the low-wavelength region.  The overall EQE 
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increased with decreasing sulfur content in Zn(O,S), which agrees well with the J-

V characteristics under illumination.  

 

2.5  Conclusions 

Devices with efficiencies up to 2.9% were achieved through improvement of 

the SnS absorber layer quality via annealing and varying the stoichiometry of 

Zn(O,S).  We successfully demonstrated solar-cell device improvements through 

annealing the SnS absorber layer in pure H2S, which improves crystallinity and 

reduces the density of grain boundaries.  Different deposition and annealing 

temperatures can lead to variations of the surface conduction-band positions of 

SnS, which is why it is beneficial to use a buffer layer with variable compositions 

like Zn(O,S) so that the CBO at the p-n junction interface can be easily optimized.  
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Chapter 3 

Post-Annealing Oxygen Treatment 

of Zinc Oxysulfide by Atomic Layer 

Deposition 

 

3.1 Chapter Abstract 

Zinc oxysulfide, Zn(O,S), films grown by atomic layer deposition (ALD) 

were annealed in oxygen to adjust the carrier concentration.  The electron carrier 

concentration of Zn(O,S) can be reduced by several orders of magnitude from 

1019 to 1015 cm-3 by post-deposition annealing in oxygen at temperatures from 

200°C to 290°C.  In the case of Zn(O,S) with S/Zn = 0.37, despite the 

considerable change in the electron carrier concentration, the bandgap energy 

decreased by only ~0.1 eV, and the crystallinity did not change much after 

annealing.  The oxygen/zinc ratio increased by 0.05 after annealing, but the 

stoichiometry remained uniform throughout the film.   
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3.2 Introduction 

As previously discussed, Cu(In,Ga)(S,Se)2 (CIGS) is one of the most 

reliable materials used in thin-film solar cells, but the most efficient CIGS-based 

solar cells use CdS [1,2], a toxic material, as an n-type buffer layer between the p-

type CIGS absorber layer and the ZnO/transparent conducting oxide (TCO) layers.  

Buffer layers are critical in reducing interface recombination and giving optimum 

band alignment across the junction [3,4].  It is therefore of interest to study 

alternative materials that better satisfy the earth-abundance and non-toxicity 

requirements for low-cost and environmentally compatible large-scale production.  

Previous research has shown that zinc oxysulfide—Zn(O,S)—grown by atomic 

layer deposition (ALD) is a promising alternative to CdS in CIGS solar cells 

[5,6].  The larger bandgap of Zn(O,S) (Eg ≈   2.6   – 3.8 eV) compared to the 

bandgap of CdS (Eg ≈  2.4  eV)  reduces  photocurrent  loss  in  the  short-wavelength 

region [7].  In addition, the bandgap of Zn(O,S) and the conduction band offset at 

the buffer/absorber interface can be finely tuned by altering the stoichiometry of 

Zn(O,S) [5,6,8,9].  Various growth methods have been previously reported for 

Zn(O,S), such as sputtering [8,10,11], chemical bath deposition (CBD) [12], pulse 

laser deposition (PLD) [13,14], and ALD [5,6,15,16].  As discussed in Chapter 1, 

ALD has the advantage of easily controlling the stoichiometry of multicomponent 

films by simply tailoring the pulse ratio of the precursors.  
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In addition to the progress of replacing CdS with Zn(O,S) buffer layers in 

CIGS-based solar cells, much research has also been motivated to replace the 

expensive indium-based CIGS absorber layer with more earth-abundant materials, 

such as Cu2ZnSn(Se,S)4 [17-19] and SnS [20-22].  These new absorber layers 

need an n-type material partner such as Zn(O,S) to serve as a buffer layer.  As 

discussed in Chapter 2, Zn(O,S) buffer layers have already been integrated with 

SnS absorber layers to produce solar cells with record efficiency for SnS-based 

solar cells [23].  With increasing interest in such research areas, it is important to 

have a better understanding of ALD Zn(O,S) and the tunability of its properties to 

further improve the performance of thin-film solar cells using earth-abundant and 

non-toxic elements. 

The tunability of the electrical properties of Zn(O,S) is important since the 

n-type buffer layer will affect the recombination of free carriers at the 

absorber/buffer interface [24].  An optimum of carrier concentration for Zn(O,S) 

is needed since the carrier concentration will also affect the Fermi energy level, 

which will affect the conduction-band offset as well.  As discussed in Chapter 2.2, 

a positive conduction-band offset (Ec,buffer > Ec,absorber) that is higher than ~0.4 eV 

will block photo-generated electrons to flow towards the TCO, whereas a negative 

conduction-band offset (Ec,buffer < Ec,absorber) will increase the recombination via 

defects at the buffer/absorber interface [25].  To improve solar cell device 

performances, recombination at the absorber/buffer interface can be reduced by 
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decreasing the defects and tuning the conduction-band offset through the control 

of Zn(O,S).  However, further studies on the impact of the carrier concentration of 

the buffer layer on the solar cell device performance are still needed.   Previously, 

it has been shown that post-deposition annealing in oxygen can help to reduce 

oxygen defects, such as oxygen vacancies [26].  Oxygen vacancies contribute to 

the high carrier concentration in various oxides [27].  In this chapter, we 

demonstrate that Zn(O,S) can be annealed in oxygen to reduce its electron carrier 

concentration by up to four orders of magnitude, with negligible influence on the 

bandgap and crystallinity of the potential buffer layer material. 

 

3.3  Experiments 

A custom-built hot-wall ALD reactor was used to grow Zn(O,S) films 

approximately 100 nm thick.  The precursors used were diethylzinc (DEZ, 

Zn(C2H5)2, Strem Chemicals), deionized H2O, and a gas mixture of 4% H2S in N2 

for the zinc, oxygen, and sulfur sources, respectively.  All of the precursors were 

kept at room temperature.  The exposures used for each dose of DEZ, H2O, and 

H2S are estimated to be approximately 0.13, 0.15, and 6.50 Torr·s, respectively.  

Purified N2 was used as the purging gas.  The ALD sequence was 

(DEZ/N2/H2O/N2) × m + (DEZ/N2/H2S/N2) × n: for different sulfur incorporation 

into the films, the precursor pulse ratios were varied by tailoring m and n, 
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reflected by the notation Zn(O,S) m:n throughout this paper.  Films were grown at 

a deposition temperature of 120°C, and were annealed in O2 with a constant vapor 

pressure of ~5.60 Torr for 1.5 hours at temperatures ranging from 200°C – 290°C.   

The carrier concentration and carrier type were determined by van der 

Pauw measurements of the Hall effect.  The carrier mobility was then evaluated 

from ρ = 1/neμ, where ρ is the resistivity, n is the carrier concentration, e is the 

electron charge, and μ is the carrier mobility.  Stoichiometry of the films was 

measured by Rutherford backscattering spectroscopy (RBS).  The optical bandgap 

(Eg) and absorption coefficient (α) were determined by measuring the optical 

transmittance and reflectance spectra [28] from a UV/visible spectrophotometer 

with an integrating sphere (Hitachi U-4100).  The crystal structure, grain size, and 

texture of the films were analyzed by x-ray diffraction (XRD, PANalytical X-Pert 

Pro) with Cu Kα radiation using θ-2θ scan.  Cross-sectional (with 12° tilt) and 

plan-view morphology of films were examined by field-emission scanning 

electron microscopy (FESEM, Zeiss, Ultra-55).  Depth profile of Zn(O,S) 7:1 

oxygen annealed at 290°C was obtained by x-ray photoelectron spectroscopy 

(XPS, Thermo Scientific, K-Alpha).  Zn(O,S) films were grown on quartz 

substrates for Hall, bandgap measurements, and XRD analysis, on glassy carbon 

substrates for RBS, and on Si(100) substrates for XPS, FESEM, and XRD. 
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3.4  Results and Discussion 

It is reasonable to ask whether oxygen annealing increased the amount of 

oxygen in the films or reduced the sulfur content, either near the surface of the 

films or throughout the films.  Rutherford backscattering spectroscopy (RBS) 

showed that the O/Zn ratio increased by 0.05 after oxygen annealing while the 

S/Zn ratio remained almost the same.  Depth profiling by XPS was used to 

estimate the elemental distribution of O, S, Zn, Si, and C throughout the film.  

Figure 3.3.1 shows a uniform distribution of elements in Zn(O,S) with S/Zn = 

0.37 annealed at the highest temperature (290°C).  RBS also indicated uniform 

stoichiometry throughout the film after oxygen annealing.  These results imply 

that the diffusion of oxygen took place throughout the film and was not confined 

to the surface, which is also reflected in the Hall data of Fig. 3.3.2. 

 

Figure 3.4.1.  Depth profile of Zn(O,S) with S/Zn = 0.37, up to the Si substrate. 
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The dependence of oxygen anneal temperature on the electrical properties 

of Zn(O,S) is shown as a function of the ratio of the sulfur content S/Zn for 

different oxygen anneal temperatures in Fig. 3.3.2.  For the as-deposited films, 

Zn(O,S) 19:1, 9:1, 7:1, 6:1, 5:1, and 4:1 have S/Zn ratios of 0.09, 0.26, 0.37, 0.50, 

0.64, and 0.73, respectively, and O/Zn ratios of 0.99, 0.82, 0.72, 0.64, 0.50, and 

0.42, respectively, as determined by RBS analysis.  Hall measurements were over 

the detection limit for films with high sulfur content such as Zn(O,S) with S/Zn = 

0.50, 0.64, and 0.73 due to their high resistivities.  Overall, the resistivity had a 

tendency to increase with sulfur content for the as-deposited and oxygen annealed 

films (Fig. 3.3.2a).  For the as-deposited Zn(O,S) films, the electron carrier 

concentration remained around the 1019 cm-3 range despite the increase of sulfur 

content (Fig. 3.3.2b).  Annealing the Zn(O,S) films in O2 decreased the carrier 

concentrations, with larger decreases for films with higher sulfur content.  A fairly 

narrow anneal temperature range of 200°C to 290°C caused electron carrier 

concentrations in Zn(O,S) to decrease by 1 to 4 orders of magnitude.  The 

decreases in electron carrier concentration are probably due to removal of donor 

defects such as oxygen vacancies [27].  

Electron carrier mobility showed a tendency to decrease with increasing 

sulfur content for the as-deposited films, which may be due to increased scattering 

from the disorder introduced by random substitution of sulfur for oxygen.  

However, it was difficult to notice clear trends with sulfur content in the mobility 
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of annealed films.  The mobilities of the oxygen annealed films (0.8 – 7.6 

cm2/V·s) tended to be lower than the as-deposited films (27.5 – 27.8 cm2/V·s), for 

the films with lower sulfur content (Fig. 3.3.2c).  Hall measurements of mobility 

were not possible for the highly resistive Zn(O,S) films with S/Zn = 0.37 annealed 

at 290°C.   

Stability of the Zn(O,S) films was investigated by repeating the Hall 

measurements of films that were kept under atmosphere condition for 

approximately one year, as shown in Fig. 3.3.2.  Carrier concentrations increased 

by approximately an order of magnitude after ~1 yr under atmosphere condition 

for films with lower carrier concentrations.  This may be due to the increased 

hydroxyl groups within the film over time, since ZnO-based films are known for 

easily picking up moisture from the atmosphere [29].  The increase in carrier 

concentration over time was much less significant for films with higher carrier 

concentrations.  There is no clear trend for the mobilities of the films. 
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Figure 3.4.2.  Plots of (a) resistivity, (b) electron carrier concentration, and (c) 
electron mobility vs. S/Zn, for the as-deposited Zn(O,S) and Zn(O,S) samples 
annealed at 200°C, 230°C, 260°C, and 290°C in O2.  Measurements were repeated 
for films after ~1 yr with S/Zn = 0.37, as shown on the right side of the plots.  
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Figure 3.3.3(a) shows a plot of α2 vs. photon energy for the as-deposited 

ZnO and Zn(O,S) with S/Zn = 0.37, and Zn(O,S) with S/Zn = 0.37 annealed in O2 

at temperatures between 200°C and 290°C.  Bandgap energy was then estimated 

using  Tauc’s  relation  for  direct  transitions  [30]:   

2/1)-(∝)( gEνhνhα  (1) 

where α(hν) is the absorption coefficient, hν is the photon energy, and Eg is the 

optical bandgap, assuming that the electron and hole effective masses are 

constant.  In Fig. 3.3.3(a), the steeper slope for the as-deposited ZnO compared to 

the Zn(O,S) films with S/Zn = 0.37 can be qualitatively explained by the disorder-

induced band-tail states of Zn(O,S).  For Zn(O,S)  films with S/Zn = 0.37, the 

bandgap energy decreased by ~0.1 eV after the film was annealed in O2 at 200oC, 

but higher annealing temperatures did not have any significant additional effect 

on the bandgap energy, as shown in Fig. 3.3.3(b).  

 

Figure 3.4.3.  Plots of (a) α2 vs. hν and (b) bandgap energy vs. O2 annealing 
temperature for Zn(O,S) with S/Zn = 0.37.  
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X-ray diffraction of the as-deposited ZnO and Zn(O,S) with S/Zn = 0.37, 

and Zn(O,S) with S/Zn = 0.37 annealed in O2 at different temperatures grown on 

quartz substrates are shown in Fig. 3.3.4.  For the as-deposited films, once sulfur 

was added, the films remained polycrystalline, but the peak intensities decreased.  

This reduction may be due to an amorphous component of the Zn(O,S) films, 

which does not contribute to the diffraction peaks.   

 

Figure 3.4.4.  X-ray diffraction for the as-deposited ZnO, as-deposited Zn(O,S) 
with S/Zn = 0.37, and Zn(O,S) with S/Zn = 0.37, annealed in O2 at various 
temperatures on quartz substrates. 

 

The lattice constant, vertical grain size, and nonuniform distribution of 

local strain in the films were determined from diffraction.  To separate the Kα1 
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and Kα2 peaks, double-peak Lorentzian functions were used, and the instrumental 

peak broadening was taken into account [31-33].  Nonuniform distribution of 

local strain and grain size were then estimated from the  Scherrer  equation  of  Δk 

vs. k  (scattering vector k =  (4π/λ)sinθ) [31]:  

D
π

k
d
dΔ

kΔ
2

+=
 

(2) 

where  Δk is   the   full  width   at   half  maximum   (FWHM),  Δd/d is the nonuniform 

distribution of local strain, and D is the grain size.  Substitution of sulfur increases 

the lattice constant of Zn(O,S) (a = 0.336 nm) over that of ZnO (a = 0.323 nm), 

while  Vegard’s  law  predicts  a = 0.374 nm.  Oxygen annealing does not alter the 

lattice constant of Zn(O,S) significantly (Fig. 3.3.5a).  No significant difference in 

grain size was found between ZnO and Zn(O,S) (Fig. 3.3.5b).  This result is not 

consistent with previous studies that observed grain size reduction for 

intermediate compositions of Zn(O,S) [5,6].  Although the oxygen anneal 

temperature had a large effect on the electrical properties of Zn(O,S) with S/Zn = 

0.37, the anneal temperature did not produce any noticeable modification of the 

grain size and local strain, as shown in Figs. 3.3.5b and 3.3.5c.  XRD analysis of 

Zn(O,S) films grown on quartz substrates show very similar grain size and texture 

to films grown on Si, as shown in Figs. 3.3.6 and 3.3.7, which implies that the 

crystallization behavior of the films is independent of the substrate type. 
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Figure 3.4.5.  Plots of (a) lattice constant, (b) grain size, and (c) local strain vs. O2 
annealing temperature for the as-deposited ZnO, as-deposited Zn(O,S) with S/Zn 
= 0.37, and Zn(O,S) with S/Zn = 0.37, oxygen annealed at different temperatures 
on quartz substrates. 
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Figure 3.4.6.  X-ray diffraction for the as-deposited ZnO, as-deposited Zn(O,S) 
with S/Zn = 0.37, and Zn(O,S) with S/Zn = 0.37, annealed in O2 at various 
temperatures on Si substrates. 
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Figure 3.4.7.  Plots of (a) lattice constant, (b) grain size, and (c) local strain vs. O2 
annealing temperature for the as-deposited ZnO, as-deposited Zn(O,S) with S/Zn 
= 0.37, and Zn(O,S) with S/Zn = 0.37, oxygen annealed at different temperatures 
on Si substrates. 
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The low dependence of oxygen anneal temperature on the vertical and 

lateral grain sizes was confirmed by the cross-sectional and plan-view FESEM 

images shown in Fig. 3.3.8.  Although the addition of sulfur to ZnO changed the 

shape and size of the lateral grains, it was difficult to observe any noteworthy 

change in the vertical and lateral grains of Zn(O,S) with S/Zn = 0.37 by oxygen 

annealing.  

 

 

Figure 3.4.8.  Cross-sectional and plan-view FESEM images for the as-deposited 
ZnO, as-deposited Zn(O,S) with S/Zn = 0.37, and Zn(O,S) with S/Zn = 0.37, 
oxygen annealed at 200°C, 230°C, 260°C, and 290°C.  
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3.5  Conclusions 

In conclusion, it was demonstrated that an anneal temperature range of only 

200°C – 290°C reduced the electron carrier concentration of ALD Zn(O,S) by 

four orders of magnitude from 1019 to 1015 cm-3.  The electrical properties of 

Zn(O,S) are strongly affected by the sulfur content and the oxygen annealing 

temperature.  Bandgaps of the Zn(O,S) films with S/Zn = 0.37 were shown to 

change by only ~0.1 eV with O2 annealing.  Although electrical properties were 

modified to a large extent by oxygen annealing, the annealing temperature 

investigated in this study had an insignificant effect on the bandgap and 

crystallinity of Zn(O,S) films with S/Zn = 0.37.  RBS showed that oxygen was 

added to the films by annealing, but the sulfur content remained unchanged.  

Depth profiling by XPS showed that the distribution of elements through the film 

remained uniform after annealing in oxygen. 
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Chapter 4 

In Situ Nitrogen-Doping or 

Aluminum-Incorporation of Zinc 

Oxysulfide by Atomic Layer 

Deposition 

 

4.1  Chapter Abstract 

Zinc oxysulfide, Zn(O,S), films grown by atomic layer deposition (ALD) 

were doped with nitrogen or incorporated with aluminum to adjust the carrier 

concentration.  The electron carrier concentration of Zn(O,S) can be decreased up 

to three orders of magnitude from 1019 to 1017 cm-3 with nitrogen doping.  The 

electron carrier concentration of Zn(O,S) can be increased up to one order of 

magnitude from 1019 to 1020 cm-3 with aluminum incorporation when 0 ≤  

S/(Zn+Al)  ≤  0.16.  However, the carrier concentration decreased by five orders of 

magnitude from 1019 to 1014 cm-3 when S/(Zn+Al) = 0.34, and decreased even 
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further when S/(Zn+Al) > 0.34.  Such tunable electrical properties are potentially 

useful for graded buffer layers in thin-film photovoltaic applications. 

 

4.2  Introduction 

In the previous chapter, the electron carrier concentration of Zn(O,S) was 

shown to decrease through annealing in oxygen, which is a post-deposition 

treatment.  In the substrate device structure of 

back contact/absorber/buffer/ZnO/TCO, the annealing of the buffer layer may 

affect the properties of the absorber and back contact layers and/or the interfaces.  

Thus, it was motivated to also explore a method to alter the electrical properties of 

Zn(O,S) during the film growth. 

 Besides oxygen post-annealing, the electron carrier concentration of 

Zn(O,S) can also be reduced through in situ doping with nitrogen.  While there 

has been contradictory evidence about whether nitrogen doping can make ZnO 

show p-type behavior, S. J. Lim et al. reported that showed nitrogen doping 

reduced the electron carrier concentration of ZnO [1].  Two different methods of 

N-doping Zn(O,S) were investigated.  The first method used ammonium 

hydroxide (NH4OH) pulsed during the ALD sequence to serve as both the O 

(through water vapor) and N sources.  The second method used ammonia gas 

(NH3) to serve as the N source, and deionized water vapor was used as the O 
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source.  Nitrogen doped Zn(O,S) buffers using NH3 were shown to recover the 

rectifying behavior of some SnS-based solar cells, verifying that Zn(O,S) buffer 

layers with low carrier concentration can improve solar cell devices. 

Al-incorporated Zn(O,S) films were investigated with motivation of 

reducing the contact resistance with the transparent conducting oxide (TCO).  By 

pulsing trimethylaluminum (TMA) during the ALD sequence, the electron carrier 

concentration can be increased up to an order of magnitude to around 1020 cm-3. 

 

4.3  Experiments 

A custom-built hot-wall ALD reactor was used to grow Zn(O,S), N-doped 

Zn(O,S), and Al-incorporated Zn(O,S) films.  Films were grown at a deposition 

temperature of 120°C in closed valve mode.  The precursors used were 

diethylzinc (DEZ, Zn(C2H5)2, Strem Chemicals), deionized H2O, a gas mixture of 

4% H2S in N2, and trimethylaluminum (TMA, Al(CH3)3) for the zinc, oxygen, 

sulfur, and aluminum sources, respectively.  Ammonium hydroxide solution 

(NH4OH) or ammonia gas (NH3) was used for the nitrogen doping.  Purified N2 

was used as the purging gas.  All of the precursors were kept at room temperature.  

The exposures used for each dose of DEZ, H2O, H2S, NH4OH, NH3, and TMA 

are estimated to be approximately 0.13, 0.15, 6.50, 0.55, 11, and 0.22 Torr·s, 

respectively.  The ALD sequence for Zn(O,S) was (DEZ/N2/H2O/N2) × m + 
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(DEZ/N2/H2S/N2) × 1: the stoichiometry of the films was varied by tailoring m for 

different sulfur incorporation into the films.  The ALD sequence for N-doped 

Zn(O,S) using NH4OH was (DEZ/N2/NH4OH/N2) × m + (DEZ/N2/H2S/N2) × 1:  

where the ammonium hydroxide solution served as both the oxygen (through 

water vapor) and nitrogen sources.  The ALD sequence for N-doped Zn(O,S) 

using NH3 was [(DEZ/N2/H2O/N2) + (DEZ/N2/NH3/N2)] × m + (DEZ/N2/H2S/N2) 

× 1:  where H2O and NH3 served as the oxygen and nitrogen sources, respectively.  

The ALD sequence for Al-incorporated Zn(O,S) was (DEZ/N2/H2O/N2) × m + 

(DEZ/N2/H2S/N2) × 1 + (DEZ/N2/H2O/N2) × (m-1) + (DEZ/N2/TMA/N2/H2O/N2) 

× 1 + (DEZ/N2/H2S/N2) × 1: where aluminum was incorporated into every other 

Zn(O,S) ALD cycle. 

Stoichiometry of the films was measured by Rutherford backscattering 

spectroscopy (RBS).  The carrier type and carrier density were determined by van 

der Pauw measurements of the Hall effect.  The carrier mobility was then 

determined from ρ = 1/neμ, where ρ is the resistivity, n is the carrier density, e is 

the electron charge, and μ is the carrier mobility assuming a single carrier type.  

Very resistive (U > 100 :·cm) or low mobility (P < 10 cm2/V·s) samples were 

measured by a rotating magnet Hall measurement system, which uses a lock-in 

detection technique to extract the Hall signal with better accuracy [2].  The crystal 

structure and texture of the films were analyzed by x-ray diffraction (XRD, 

PANalytical X-Pert Pro) with Cu Kα radiation using θ-2θ scan.  The absorption 
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coefficient (α) and optical bandgap (Eg) were determined by measuring the optical 

transmittance and reflectance spectra from a UV/visible spectrophotometer with 

an integrating sphere (Hitachi U-4100).  Films were grown on glassy carbon 

substrates for RBS, and on quartz substrates for Hall, bandgap measurements, and 

XRD analysis. 

 

4.4  Results and Discussion 

4.4.1  Nitrogen-Doped Zn(O,S) 

The resistivity, electron carrier concentration, and carrier mobility 

are plotted as a function of the approximate S/Zn ratio for Zn(O,S) films 

doped with nitrogen using different ammonium hydroxide solution 

concentrations, as shown in Figure 4.4.1.1.  The carrier concentration was 

reduced up to 2 orders of magnitude through nitrogen doping, and the 

concentration of NH4OH could be used to alter the extent of carrier 

concentration reduction.   

The Hall results for nitrogen-doped Zn(O,S) using ammonia gas are 

compared to undoped Zn(O,S), as shown in Figure 4.4.1.2.  Through this 

second method of nitrogen doping, the carrier concentration was further 

reduced by another order of magnitude compared to the method using 

ammonium hydroxide, resulting in a value around 1017 cm-3.   
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Figure 4.4.1.1.  Plots of (a) resistivity, (b) electron carrier concentration, and 
(c) electron mobility vs. ~S/Zn, for the undoped Zn(O,S) and N-doped 
Zn(O,S) using different NH4OH solution concentrations. 
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Figure 4.4.1.2.  Plots of (a) resistivity, (b) electron carrier concentration, and 
(c) electron mobility vs. ~S/Zn, for the undoped Zn(O,S) and N-doped 
Zn(O,S) using NH3 gas. 
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Such doping methods of Zn(O,S) can be useful in improving solar 

cells.  For example, as shown in Figure 4.4.1.3, solar cells with the device 

structure of Mo/SnS/Zn(O,S)/ZnO/ITO were investigated with different SnS 

and Zn(O,S) conditions [3].  The SnS absorber layers for these devices were 

grown using an amidinate Sn-precursor   [bis(N,N′-

diisopropylacetamidinato)tin(II),   Sn(CH3C(NiPr)2)2], which is a different 

Sn-precursor from the SnS layers investigated in Chapter 2.  For the as-

deposited SnS grown from the amidinate Sn-precursor, the Zn(O,S) 

stoichiometry that gave the optimum device performance was S/Zn = 0.50 

(Figure 4.4.1.3(i)).  As discussed in Chapter 2, the SnS absorber layer was 

annealed in pure H2S at 400°C to improve the absorber layer film quality 

(Figure 4.4.1.3(ii)).  However, this resulted in a decrease in the short-circuit 

current density (JSC), so the S/Zn ratio of Zn(O,S) was decreased to 0.14 to 

lower the conduction band offset (CBO) at the SnS/Zn(O,S) interface 

(Figure 4.4.1.3(iii)).  However, this resulted in ohmic behavior of the solar 

cell device due to the increase in conductivity of Zn(O,S).  The conductivity 

of Zn(O,S) was reduced by nitrogen doping using ammonia gas.  As shown 

in Figure 4.4.1.3(iv), nitrogen-doped Zn(O,S) buffers using NH3 were 

shown to recover the rectifying behavior of the SnS-based solar cell, 
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verifying that such tunable electrical properties of Zn(O,S) is critical in 

improving solar cell devices. 

 

 

Figure 4.4.1.3.  Current density-voltage characteristics under dark (dashed 
line) and low illumination (solid line) of devices comprised of (i) as-
deposited SnS with Zn(O,S) (S/Zn = 0.50), (ii) H2S annealed (400°C) SnS 
with Zn(O,S) (S/Zn = 0.50), (iii) H2S annealed (400°C) SnS with Zn(O,S) 
(S/Zn = 0.14), and (iv) H2S annealed (400°C) SnS with nitrogen-doped 
Zn(O,S):N (S/Zn = 0.14) [4]. 

 

4.4.2  Aluminum-Incorporated Zn(O,S) 

Figure 4.4.2.1  shows the sulfur, oxygen, and aluminum contents as a 

function of the number of H2S pulses to the number of DEZ pulses for 

Zn(O,S) and aluminum-incorporated Zn(O,S) films, determined by RBS.  
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The sulfur content in the Zn(O,S) films is higher than the precursor pulse 

ratio, which has been previously reported [5].  For example, S/(Zn+Al) is 

0.26 for Zn(O,S) when the H2S to DEZ pulse ratio is 0.10.   The aluminum 

content in the aluminum-incorporated Zn(O,S) films increased with the H2S 

to DEZ pulse ratio, due to the ALD sequence used to grow these films.  

With respect to the Zn(O,S) films without aluminum, the aluminum 

incorporation decreased the sulfur content while it increased the oxygen 

content in the films, as shown in Fig. 4.4.2.1b.  This effect was enhanced as 

more aluminum was incorporated into the films, indicating that the 

aluminum is inhibiting sulfur and promoting oxygen incorporation. 

 

 

Fig. 4.4.2.1.  Plots of O/(Zn+Al) (black), S/(Zn+Al) (red), and Al/(Zn+Al) 
(blue) vs. (the number of H2S pulses)/(the number of DEZ pulses) for 
Zn(O,S) films (a) without and (b) with Al incorporation. 
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X-ray diffraction scans of films with and without aluminum 

incorporation with different sulfur and aluminum contents are shown in Fig. 

Fig. 4.4.2.2.  With increasing sulfur in the films, the peaks shifted towards 

lower scattering angles indicating increasing lattice constants due to the 

substitution of larger sulfur for smaller oxygen [5,6].  Preferred crystal 

orientation of the films also changed with aluminum incorporation.  The 

hexagonal ZnO (002) peaks were highest in intensity for Zn(O,S) films 

without aluminum, whereas the (100) peaks were highest for the Zn(O,S) 

films with aluminum.  For both films with and without aluminum, the 

amplitudes of the diffraction peaks decreased with increasing sulfur content 

due to an increase of an amorphous or nano-crystalline component of the 

films.   The   diffraction   peaks   disappeared   when   S/(Zn+Al)   ≥   0.64   for   the  

films without aluminum indicating nano-crystalline or amorphous films. 

The diffraction peaks started to disappear at lower sulfur contents in the 

aluminum-incorporated films compared to the films without aluminum.  No 

diffraction   peaks   were   detected   for   S/(Zn+Al)   ≥   0.34   for   the   aluminum-

incorporated films.   
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Fig. 4.4.2.2.  X-ray diffraction of Zn(O,S) films (a) without and (b) with Al 
incorporation for various S/(Zn+Al) and Al/(Zn+Al) ratios.  Vertical lines 
are for the hexagonal ZnO (JCPDS No. 01-079-2204). 

 

The resistivity, electron carrier concentration, and carrier mobility 

are plotted as a function of the S/(Zn+Al) ratio for Zn(O,S) films with and 

without aluminum, as shown in Fig. 4.4.2.3.  For the Zn(O,S) films without 

Al, the carrier mobility decreased steadily with increasing sulfur content due 

to the increased disorder in the anion lattice. The electron carrier 

concentration remained on the order of 1019 cm-3 as previously reported [6].  

For the Al-incorporated Zn(O,S) films, the electron carrier concentration 

increased by up to an order of magnitude from 1019 to 1020 cm-3 for low 

sulfur contents (0 ≤ S/(Zn+Al)  ≤  0.16),  due   to   the  expected  Al  substitution  

for Zn.  But for somewhat higher sulfur contents (0.34 ≤ S/(Zn+Al)  ≤  0.39),  

Al incorporation surprisingly decreased the electron carrier concentration by 
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about five orders of magnitude from 1019 to 1014 cm-3.  For the films with 

the highest sulfur contents (S/(Zn+Al) = 0.48 and 0.55), the weak Hall 

signal remained the same polarity when applying both positive and negative 

magnetic fields, which may be due to having comparably low 

concentrations of both electrons and holes.  Such a drastic decrease in 

carrier concentration may be due to precipitation of an insulating aluminum 

oxide phase, which is correlated with increased oxygen incorporation 

(Fig. 4.4.2.1). 

The aluminum-incorporated films overall showed lower carrier 

mobility than the films without Al due to increased disorder introduced to 

the films by the aluminum, as evidenced by the XRD scans (Fig. 4.4.2.2).  

The carrier mobility of the aluminum-incorporated Zn(O,S) films also 

initially  decreased  with  increasing  sulfur  content   for  S/(Zn+Al)  ≤  0.26  due  

to the increased disorder in the anion sublattice.  Then the mobility 

increased with increasing sulfur content when S/(Zn+Al) ≥ 0.34 while the 

carrier concentration decreased further.  Lowered carrier concentration 

typically results in higher mobility, but these carrier concentrations are too 

small to explain this trend. 
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Fig. 4.4.2.3.  Plots of (a) resistivity, (b) electron carrier concentration, and (c) 
carrier mobility vs. S/(Zn+Al) for Zn(O,S) (black) and Zn(O,S):Al (red) films.  
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From plots of α2 vs. photon energy for Zn(O,S) and Zn(O,S):Al films with 

various stoichiometries (Fig. 4.4.2.4), Tauc’s   relation   for   direct   transitions   was  

used to determine the optical bandgap energy values [7]: 

2/1)-(∝)( gEνhνhα , (1) 

where α(hν) is the absorption coefficient, hν is the photon energy, and Eg is the 

optical bandgap.  The electron and hole effective masses are assumed to be 

constant.  Bandgap energy values are plotted as a function of sulfur concentration 

for Zn(O,S) films with and without Al, as shown in  Fig. 4.4.2.5.  Aluminum 

incorporation increased the bandgap values of the films.  Formation of amorphous 

ZnAlxOy or Al2O3 with much higher bandgaps could contribute to the increase in 

bandgap with aluminum incorporation.  The Burstein-Moss effect [8] might 

contribute   to   the   increase   in   optical   bandgap   energy   for   0   ≤   S/(Zn+Al) ≤ 0.16 

where the carrier concentrations are at degenerate levels (>1019 cm-3).  In this 

range, the Al-incorporated films have high electron carrier concentrations (Fig. 

4.2.2.2b), which increase the Fermi level in the conduction band.  However, for 

Al-incorporated   Zn(O,S)   films   with   S/(Zn+Al)   ≥   0.34,   the   optical   bandgap  

energies increase further despite the significant decrease in electron carrier 

concentration (Fig. 4.2.2.2b). Thus the Burstein-Moss effect does not explain the 

wider band gaps in the aluminum-incorporated sulfur-rich films. 
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Fig. 4.4.2.4.  Plots of α2 vs. hν for (a) Zn(O,S) and (b) Zn(O,S):Al films for 
various S/(Zn+Al) ratios. 

 

 

Fig. 4.4.2.5.  Bandgap, as measured using absorption data (see text), vs. 
S/(Zn+Al) for Zn(O,S) (black) and Zn(O,S):Al (red) films. 
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4.5  Conclusions 

In summary, various in situ doping methods for N-doped and Al-

incorporated Zn(O,S) were investigated to tune the electrical properties.  Zn(O,S) 

was doped with nitrogen by two different methods using either ammonium 

hydroxide or ammonia gas as the nitrogen source.  The electron carrier 

concentration was reduced up to two orders of magnitude from 1019 cm-3 to 

1017 cm-3 when using ammonium hydroxide, and reduced up to another order of 

magnitude to 1016 cm-3 when using ammonia gas.  In initially ohmic SnS-based 

solar cell devices, it was found that the rectifying behavior was recovered by 

replacing the undoped Zn(O,S) with a nitrogen-doped Zn(O,S) buffer layer.  

It was also demonstrated that Zn(O,S) can be incorporated with aluminum to 

either increase or decrease the carrier concentration depending on the 

stoichiometry of the films.  When   0   ≤   S/(Zn+Al)   ≤   0.16,   electron   carrier  

concentration was increased up to the order of 1020 cm-3 and carrier mobility 

decreased with increasing sulfur in the Al-incorporated Zn(O,S) films.  On the 

other  hand,  when  S/(Zn+Al)  ≥  0.34,  carrier  concentration was decreased at least 

by five orders of magnitude to the order of 1014 cm-3 and mobility increased with 

increasing sulfur in the Al-incorporated films.  Such tunable properties can 

potentially improve PV device performance through electrically graded Zn(O,S) 

buffer layers in combination with compatible absorber materials. 
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Chapter 5 

Conclusion 

 

This thesis has investigated various methods to improve solar cells based 

on SnS and Zn(O,S), which both consist of earth-abundant and non-toxic 

elements, in motivation for large-scale and low-cost PV production.  The main 

methods used to grow these films were pulsed chemical vapor deposition (pulsed-

CVD) for the SnS absorber layer and atomic layer deposition (ALD) for the 

Zn(O,S) buffer layer.  ALD serves as a perfect tool to grow Zn(O,S) due to its 

simple and accurate control of the stoichiometry of the film, which is important in 

optimizing the conduction band offset (CBO) at the buffer/absorber interface of 

the solar cell device.  However, because ALD is a slow process and is not suitable 

for growing the thicker absorber layer, which requires at least half a micrometer, 

p-CVD was used to grow SnS. 

In Chapter 2, solar cells with the device structure of 

Mo/SnS/Zn(O,S)/ZnO/ITO were studied.  Devices with efficiencies up to 2.9% 

were achieved through improvement of the SnS absorber layer quality via 

annealing and varying the stoichiometry of Zn(O,S).  It was successfully 
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demonstrated that solar cell devices improved through annealing the SnS absorber 

layer in pure H2S, which improved crystallinity and reduced the density of grain 

boundaries.  Since different deposition and annealing temperatures can lead to 

variations of the surface conduction-band positions of SnS, it is beneficial to use a 

buffer layer with variable compositions like Zn(O,S) to easily optimize the CBO 

at the p-n junction interface. 

Chapter 3 demonstrated that through oxygen annealing ALD Zn(O,S) the 

electron carrier concentration can be reduced by four orders of magnitude from 

1019 to 1015 cm-3 with a anneal temperature range of only 200°C – 290°C.  The 

electrical properties of Zn(O,S) were strongly affected by the sulfur content and 

the oxygen annealing temperature.  Bandgaps of the Zn(O,S) films with S/Zn = 

0.37 were shown to change by only ~0.1 eV with O2 annealing.  Although 

electrical properties were modified to a large extent by oxygen annealing, the 

annealing temperature investigated in this study had an insignificant effect on the 

bandgap and crystallinity of Zn(O,S) films.  RBS showed that oxygen was added 

to the films by annealing, but the sulfur content remained unchanged.  Depth 

profiling by XPS showed that the distribution of elements through the film 

remained uniform even after annealing in oxygen. 

Chapter 4 discussed various in situ doping methods for N-doped and Al-

incorporated Zn(O,S) to tune the electrical properties, which are potentially useful 

for graded buffer layers with different carrier concentrations.  Zn(O,S) was doped 
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with nitrogen by two different methods using either ammonium hydroxide or 

ammonia gas as the nitrogen source.  The electron carrier concentration was 

reduced up to two orders of magnitude from 1019 cm-3 to 1017 cm-3 when using 

ammonium hydroxide, and reduced up to another order of magnitude to 1016 cm-3 

when using ammonia gas.  In initially ohmic SnS-based solar cell devices, it was 

found that the rectifying behavior was recovered by replacing the undoped 

Zn(O,S) with a nitrogen-doped Zn(O,S) buffer layer.  

Chapter 4 also discussed that Zn(O,S) can be incorporated with aluminum 

to either increase or decrease the carrier concentration depending on the 

stoichiometry   of   the   films.      When   0   ≤   S/(Zn+Al)   ≤   0.26,   electron   carrier  

concentration was increased up to the order of 1020 cm-3 and carrier mobility 

decreased with increasing sulfur in the Al-doped Zn(O,S) films.  On the other 

hand,  when  S/(Zn+Al)  ≥  0.34, carrier concentration was decreased at least by five 

orders of magnitude to the order of 1014 cm-3 and mobility increased with 

increasing sulfur in the Al-incorporated films.   
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Appendix A 

Diagram of Deposition System 

 

 

Figure A.1.  Deposition system used for growth of various films. 

 

The deposition system depicted in Figure A.1 was used to grow various 

films, such as SnS, Zn(O,S), nitrogen-doped Zn(O,S), and aluminum-incorporated 

Zn(O,S).  Post-anneal treatments under O2 or pure H2S atmosphere were also 

performed in the same reactor chamber. 
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Appendix B 

Collaborations 

 

Several collaborations have been performed with Prof. Tonio Buonassisi’s 

lab at MIT and Prof.  David  Mitzi’s lab at IBM to apply the ALD Zn(O,S) buffer 

layer to other earth-abundant and non-toxic absorber materials.  With the 

Buonassisi lab, the SnS absorber material was also investigated, but with a 

different deposition method of thermal evaporation.  Thermal evaporation has a 

much faster growth rate of 1-10 Å/s, which shows more potential for industrial 

scale-up compared to pulsed-CVD and ALD for growing the absorber material.  

Cuprous oxide (Cu2O) was also investigated with the Buonassisi lab.  The band 

offsets between Cu2O and Zn(O,S) with various stoichiometries were studied by 

XPS to look into Zn(O,S) as a potential n-type material partner for the p-type 

Cu2O absorber material.  With the Mitzi lab at IBM, Zn(O,S) was applied to 

Cu2ZnSn(Se,S)4 based thin-film solar cells.  Various compositions of Zn(O,S) 

were investigated to find the optimum band alignment with the Cu2ZnSn(Se,S)4 

absorber material, and air annealing was carried out on the completed devices to 

further improve the solar cell device performances. 


