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SUMMARY 

During the third phase of the subcontract, IEC researchers have continued to provide the thin film 
PV community with greater depth of understanding and insight into a wide variety of issues 
including: the deposition and characterization of CuInl-,GaxSe2, a-Si, CdTe, CdS, and TCO thin 
films; the relationships between film and device properties; and the processing and analysis of thin 
film PV devices. This has been achieved through the systematic investigation of all aspects of film 
and device production and through the analysis and quantification of the reaction chemistries 
involved in thin fdm deposition. This methodology has led to controlled fabrications of 15% 
efficient CuInl,GaxSe2 solar cells over a wide range of Ga compositions, improved process 
control of the fabrication of 10% efficient a-Si solar cells, and reliable and generally applicable 
procedures for both contacting and doping CdTe films. Additional accomplishments are listed 
below. 

Cu(InGa)Se, 

Multisource Evaporation 

Cu(InGa)Se, films have been deposited by elemental evaporation with Ga composition ranging 
from 0.25 < x < 0.80. The films are deposited with the Ga uniformly distributed from the Mo 
back contact to the front surface. This allows the effects of increasing Ga to be characterized 
without differences in the device operation due to gradients in the electrical and optical properties 
of the Cu(InGa)Se,. 

The solar cells fabricated from these uniform films have 15% efficiency for x < 0.5 or Eg < 1.3 
eV. V, increases over the entire range of Ga content, up to 820 mV, but the device efficiency 
declines with high Ga content due primarily to a drop in fill factor and short circuit current. 
Analysis of current-voltage and quantum efficiency results show that the main cause of this drop 
off is a voltage dependent current collection. Finally, preliminary results show that the fill factor 
can be improved by grading the bandgap of the Cu(InGa)Se,, but there is a concurrent loss in J,. 

Selenization 

The selenization at temperatures up to 650°C of CdGa/In results in a two phase film with CuGaSe, 
near the Mo back contact and CuInSe, at the top of the fdm. Devices made from these films have 
low VW, and behave similar to a CuInSe, device, consistent with the lack of Ga, and therefore low 
bandgap, in the front region of the absorber layer where the device behavior is controlled. 
However, annealing the film at T 2 550°C in an inert atmosphere results in interdiffusion of the In 
and Ga, converting the film to single phase Cu(InGa)Se,. 

The interdiffusion of Ga and In in a CuGaSe,/ CuInSe, thin film diffusion couple and the diffusion 
of In into CuGaSe, thin films were studied by Auger depth profiling. CuGaSe, and CuInSe, were 
obtained via selenization by H2Se of sequentially deposited Cu-Ga and Cu-In layers, respectively. 
The CuGaSe,/CuInSe, diffusion couple was annealed at 650°C for 30 minutes in an Argon 
atmosphere. The thin film source of In was diffused into CuGaSe, in the temperature range of 
400°C to 600°C for 30 minutes in an Argon atmosphere. Bulk interdiffusion coefficients of In and 
Ga in the CuGaSeJCuInSe, couple annealed at 650"C, and the diffusion coeEcients of In in 
CuGaSe, films diffusion-annealed at various temperatures were determined. The interdiffusion 
coefficients of In and Ga at 650°C in the diffusion couple are similar (Rn = 1.5 x IO-'' cm2/sec and 
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DGa = 4.0 x lo-“ cm2/sec). The diffusion coefficients of In in CuGaSe, thin films varied from 
2.0 x cm2/sec to 4.5 x lo-’, cm2/sec in the temperature range of 400°C - 600°C. 

Mo/CuInSe, Contact 

A correlation was found bet ween the relative orientation of the Mo and Cu(InGa)Se2 films, as 
measured by XRD. However, unlike the compositional profile of the Cu(InGa)Se, films which 
shows a direct correlation to the device behavior, the orientation of the evaporated Cu(InGa)Se, 
shows no correlation to the device results. 

Many high efficiency CuhS E, based solar cells show blocking or non-ohmic contact behavior in 
their current-voltage characteristic which has often been attributed to the Mo/CuInSe, back contact. 
A novel device configuration is presented which allows the current-voltage characteristic of the 
Mo/CuInSe2 junction to be analyzed separately from the rest of the operating solar cell. Direct 
measurements of the back contact on operating CuInSe, based solar cells which demonstrate this 
blocking behavior show that 1 he Mo/CuInSe2 contact is ohmic with negligible contact resistance 
compared to the total series nsistance of the device. 

a-Si 

Devices 

The first task in improving Jsc and V, was to determine operational characteristics of the a-Si 
reactor. It was found through QE measurements and SIMS analysis that there was significant 
dopant carryover from one rur L to the next from the film deposited on the “hot” electrode. 
Deposition of a burying layer of a-SiC:H between device runs was found to be necessary to 
remedy the dopant carryover. As a result, FFs in excess of 7 1 % were obtained reproducibly. In a 
second step, H2 diluted pc n-layers, compatible with ZnO/Ag back contact as well as with tunnel 
junction in tandem devices, were developed. These pc n-layers with conductivities and activation 
energies of 1 S/cm and 0.05 elT, respectively, allowed f9brication of devices with ZnO/Ag contact 
with FFs as high as 72%. In the case of 25 A TU5000 A Ag contacts, the deposition rate of Ag 
was found to be an important F arameter in that rates below 100 Nmin resulted in lower FFs. 

The ungraded i-layers were about 0.5 pm thick. The buffer layer had a standard graded C profile. 
Devices were deposited on Asahi Type U textured SnO,, with ZnO/Ag back contacts, and had no 
AR coating. All cells were scrjbed and surrounded by Ag paste to reduce R, and increase FF. 
Pieces were sputter etched to eliminate excessive collection beyond the metal contact. 

Five cells from three different pieces were tested at NFtEL, all having efficiencies of 10% or 
greater. 

TCO’s and Optical Enhancement 

The material properties of a number of textured SnO, and ZnO substrates and their effect on current 
generation in a-Si were evaluated. Most of these TCO’s have been used by others for a-Si device 
research or module fabrication. 13ulk optoelectronic and structural properties are reported for seven 
TCO films with haze from 1 to 14%. Our results show that increasing haze above -5% has limited 
effectiveness for increasing the generation at long wavelengths. In presently available textured 
ZnO, current generation is about 0.6 mA/cm2 greater than in textured SnO,. There may be greater 
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advantages to using ZnO in multijunction devices since much thinner i-layers may be used to give 
the same Jsc with improved stability, shorter deposition time and less GeH, usage. 

The effect of sputtered transparent conducting oxide (TCO) contacts on the device performance of 
stainless steel/n-i-pKCO and glass/SnOJp-i-n/TCO/Ag solar cells were investigated. TCO 
materials IT0 and ZnO are compared, and found to have very similar transparency at the same 
sheet resistance. Sputtering ZnO with 0, in the Ar reduces FF for stainless steel /n-i-p/ZnO 
devices, compared to sputtering without 0,. This is attributed to an interface not bulk effect. 
Sputiering IT0 with 0, on the same devices increases J, due to higher IT0 transparency, 
compared to sputtering without O,, but has no effect on FF. Based on curvature in the J-V curve 
around Voc, the ZnO/p layer contact appears to be non-ohmic. For p-i-n/TCO/Ag devices, W-Si 
n-layers have much higher V,, J,, and FF for all variations of TCO/Ag back reflectors compared 
to an a-Si n-layer. Devices with ITO/Ag have lower V, and J, compared to devices with 
ZnO/Ag. Sputtering ZnO with 0, has no detrimental effect on devices with pc-Si n-layers but 
severely reduces FF in devices with a-Si n-layers. 

A novel device structure was used to study optical enhancement and back reflectors (BRs) in a-Si 
n-i-p solar cells by separating the effects of substrate texture, BR texture, and BR reflectivity. QE 
and diffuse and total reflection are compared for devices on smooth or textured substrates, with 
smooth or textured BRs. There is little improvement in Jsc for substrate haze exceeding 5%. 
Substrate texture is much more effective at increasing red response than the BR texture. Smooth 
substrates with textured BRs have comparable diffuse reflection but much higher specular 
reflection than textured substrates with a smooth BR. Devices on textured substrates also have 
lower reflection losses in the blue regions, resulting in higher QE at all wavelengths. These 
results apply to both superstrate and substrate device configurations. 

J-V Analysis 

The current-voltage data measured in light and dark from a-Si based solar cells has been analyzed 
to yield six parameters which completely specify the illuminated J-V curve from reverse bias to 
beyond open circuit voltage (V,). A simple photocurrent collection model is used which assumes 
drift collection in a uniform field. The method has been applied to J-V data from over twenty single 
junction a-Si or a-SiGe devices from five laboratories measured under standard simulated sunlight. 
Very good agreement results between measured and calculated J-V performance with only one 
adjustable parameter, the ratio of collection length to thickness - . Some of these devices have 
also been analyzed after extended light soaking or under filtered illumination. The effect of the 
voltage dependent photocurrent collection on FF and V,, is considered in detail. Results under 1 
sun illumination for both a-Si and a-SiGe devices are consistent with hole limited collection. 
Photocurrent collection in very thin devices (D-0.1 pm), or thicker devices under blue light, may 
be strongly influenced by interface recombination or back diffusion. The flatband voltage (V,) is 
dependent on the intensity and spectrum of illumination, hence is not a fundamental device 
property and is not equivalent to the built-in potential. V, is limited by V, not junction 
recombination current J, in typical devices. The illuminated solar cell performance is nearly 
independent of the forward diode current for low values of - , as occurs after light soaking or 
with a-SiGe. The model is also useful to investigate the intensity dependence of FF and to predict 
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As part of the work associa:ed with the device design team, this simple model was applied to a 
wide range of single junction devices and conditions. These included p-i-n and n-i-p cells on 
smooth or textured substrates, a-Si and a-SiGe cells, initial and stabilized, and under AM1.5 and 
red filtered light. Excellent agreement has been found between the model and the measurements. 
Devices analyzed covered a wide range of sources. In addition to those from IEC, cells were 
provided by Solarex, USSC, ECD, and APS. Analysis of triple junction cells using a parameter 
set based on the stabilized high, middle and low bandgap cells from USSC was also performed. 

CdTe/CdS 

Device Performance 

In this reporting period vapor phase CdCl, treatments were developed, permitting the effects of 
reaction temperature and chloride concentration on materials and devices to be investigated. Vapor 
CdCl, treatment at 420°C wss found to result in uniform modification of the film properties. 
Combined with the contacting process developed in the previous reporting period, the uniform and 
reproducible treatments have translated into greater consistency in device performance at an 
efficiency level of 12%. The V, is approaching state-of-the-art values, but J,, and FF are low. 
The resistance at V, in these devices is in the range of 6 to 10 Q-cm'. Reducing this to 1-2 Q- 
cm2 by optimizing the CdTe doping and contact are expected to increase FF to >72% and should 
enhance the Voc. Control ovx  S interdiffusion with vapor treatment and use of alloyed films is 
described in the sections belciw and offers several avenues for improving Jsc: 1) use thick CdS 
(-250 nm) and high S diffusion process to thin down the CdS, boosting Jsc contributions from 
300-550 nm and 750-900 nri; 2) use ultrathin CdS ( 4 0  nm) and low S diffusion process to 
minimize loss of CdS film; arid 3) deposit CdTe,-xSx films with x near the solubility limit on 
ultrathin CdS to minimize driving force for interdiffusion. 

CdCI, Treatment 

All-vapor post deposition processing holds many advantages the over conventional coat-and-rinse 
techniques that are employed for CdTe cells. For example, the thermal separation of CdTe/CdS 
films from the chloride source allows independent control of both the reaction temperature and 
species concentration. This facilitates temperature-time configurations that: can reduce the CdS 
loss via interdiffusion; increase the V,; reduce the treatment time; and produce a residue-free CdTe 
surface. 

The vapor chloride processing yields a spatially uniform grain size and a clean CdTe surface free of 
residual chlorides, oxides, and chlorates. This eliminates the necessity for rinsing or handling of 
rinsates prior to contact formation. From a device perspective, these benefits translate into spatially 
uniform properties and performance. 

The role of CdCl, in promoting recrystallization, grain growth and interdiffusion between CdS and 
CdTe layers in physical vapor deposited CdS/CdTe thin film solar cells is has been examined. 
CdTe/CdS thin film samples prepared with different CdTe film thicknesses and treated in air at 
415°C for different times with and without a surface coating ofCdC1,. The samples were 
characterized by scanning electron microscopy, transmission electron microscopy, energy 
dispersive x-ray spectroscopy, x-ray diffractometry , and optical absorption. The results show that 
CdCl, treatment enhances the n:crystallization and diffusion processes, leading to a compositional 
variation within the CdTe layer due to diffusion of S from the CdS. The highest S concentrations 
observed, after 30 minute treatments with CdC12 at 415"C, are near the solubility limit for S in 
CdTe. The compositional distributions indicated by x-ray diffraction measurements of samples 
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with different CdTe thickness show that the S-rich CdTe,-,S, region lies near the CdTe-CdS 
interface. A multiple step mixing process must be inferred to account for the diffraction profiles 
obtained. 

CdTe-CdS Alloys and Devices 

The CdTe-CdS alloy system has been characterized at typical solar cell processing temperatures in 
order to elucidate the role of interdiffusion in CdTe/CdS-based solar cells. Predominately single 
phase CdTe,-,S, thin films with x/[S]/([S]+[Te]) ranging from 0 to 0.45, were grown by vacuum 
co-evaporation of CdS and CdTe. Phase segregation was promoted by heat treatment of the films 
at 415°C in the presence of CdCl,. The solubility limits of S in CdTe and Te in CdS at 415°C were 
derived by measuring the compositions of the two phases in the fdms after the CdCl treatment. 
The solubility limit of S in CdTe was determined to be 5.8%. Solar cells were fabricated with 
compositionally uniform absorber layers of CdTel-,S, with x near the solubility limit before heat 
treatment. An efficiency of 10.8% was achieved by a CdTe,-,S,/CdS device. The V,, J,, FF and 
spectral response of this device were all very similar to vacuum evaporated conventional CdTe/CdS 
cells where the alloy is formed by diffusion of S during cell processing. 

HCI Vapor Treatment 

Data on the structural and optical properties and cell performance of thermally evaporated 
CdTe/CdS films were determined as functions of the HC1 concentration and temperature of a post- 
deposition heat treatment. The degree of preferred (1 1 1) orientation decreased while the grain size 
of the CdTe films increased with increasing HCl concentration and temperature. The sulfur content 
of a CdTe,-,S, layer also increased with HCl concentration and temperature to a maximum value of 
-2%. Cell performance improved over as-deposited values to -8% efficiency. 

Stress Testing of CdTe/CdS Devices 

CdTe/CdS solar cells have been known to exhibit various combinations of reversible and 
irreversible degradation of conversion efficiency after being subjected to temperature, voltage and 
illumination at levels which equal or surpass those expected in field conditions. This section 
describes a series of measurements designed to quantify these phenomena. The QE and light and 
dark J-V characteristics of a set of CdTe devices were measured, then devices were subjected to 
various combinations of stresses within the parameter space of 0-70 mW/cm2 illumination, -0.5 V 
to +5 mA/cm2 electrical bias, and temperatures from 72" to 112°C. The device characteristics were 
measured and changes are interpreted in the context of an equivalent circuit which includes the 
effects of both the main junction diode, series resistor and a rectifying back contact. 
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1. INTRODUCTION 

The overall mission of the Institute of Energy Conversion is the development of thin film 
photovoltaic cells, modules, and related manufacturing technology and the education of students 
and professionals in photovoltaic technology. The objectives of this four-year NREL subcontract 
are to advance the state of the art and the acceptance of thin film PV modules in the areas of 
improved technology for thin film deposition, device fabrication, and material and device 
characterization and modeling, relating to solar cells based on CuInSe, and its alloys, on a-Si and 
its alloys, and on CdTe. 

In the area of CuInSe, and its alloys, IEC researchers have produced Cu(In,-,,GaJSe, films by 
selenization of elemental and alloyed films with H,Se and Se vapor and by a wide variety of 
process variations employing co-evaporation of the elements. Careful design, execution and 
analysis of these experiments has led to an improved understanding of the reaction chemistry 
involved, including estimations of the reaction rate constants. Investigation of device fabrication 
has also included studies of the processing of the Mo, CdS and ZnO deposition parameters and 
their influence on device properties. An indication of the success of these procedures was the 
fabrication of a 15% efficiency Cu(In,-,,Gq)Se, solar cell with x 0.5. 

In the a-Si area, reproducibility and process control have been achieved through the optimization of 
processing parameters related to each of the a-Si layers: p, buffer, i, and n, as well as the TCO 
window and back contact. In addition, analysis and measurements of the improvement in 
performance of a-Si solar cells due to optical enhancements from a wide range of TCO texture 
substrates and back reflectors have been completed. Development of pc n-layer has allowed 
fabrication of a-Si devices with efficiencies over 10%. 

Activities related to CdTe-based solar cells include the development of uniform and reproducible 
vapor phase CdCl, treatments for CdTeKdS films which have translated into greater consistency in 
device performance, as well as a HCl vapor treatment that promotes changes in the structure of the 
films similar to those treated with CdCJ. The CdTe/CdS alloy system was characterized at typical 
solar cell processing temperatures to evaluate the role of interdiffusion in the CdTe solar cells. In 
order to determine the long term stability of contacts made to CdTe, stress testing of specially 
prepared CdTe devices has begun. 

The measurement, characterization, and modeling of thin film device operation has been specialized 
independently for devices produced with each class of materials. Also, data has been accumulated 
and analyzed to develop baseline device parameters for each type of cell. 

IEC personnel are active in teamed research in all three thin film material areas, both through 
NREL's Thin Film PV Partnership program and on a less formal, one-on-one basis. It is partly 
through these interactions that E C  serves to disseminate PV expertise throughout the PV 
community and, thereby, achieve its larger goals. 
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2. Cu(In,Ga)Se, 

2.1 SUMMARY 

2.1.1 Multisource Evaporation 

Cu(In,Ga)Se, films have been deposited by elemental evaporation with Ga composition ranging 
from 0.25 < x < 0.80 [201-:!04]. The films are deposited with the Ga uniformly distributed from 
the Mo back contact to the front surface. This allows the effects of increasing Ga to be 
characterized without differences in the device operation due to gradients in the electrical and 
optical properties of the Cu :In,Ga)Se,. 

The solar cells fabricated from these uniform films have 15% efficiency for x < 0.5 or E, < 1.3 
eV. V, increases over the entire range of Ga content, up to 820 mV, but the device efficiency 
declines with high Ga content due primarily to a drop in fill factor and short circuit current. 
Analysis of current-voltage and quantum efficiency results show that the main cause of this drop 
off is a voltage dependent current collection. Finally, preliminary results show that the fill factor 
can be improved by grading the bandgap of the Cu(In,Ga)Se,, but there is a concurrent loss in Jsc. 

2.1.2 Selenization 

The selenization at temperatures up to 650°C of Cu/Ga/In results in a two phase film with CuGaSe, 
near the Mo back contact and CuInSe, at the top of the film [205]. Devices made from these films 
have low V,,, and behave Sj milar to a CuInSe, device, consistent with the lack of Ga, and 
therefore low bandgap, in the front region of the absorber ltiyer where the device behavior is 
controlled. However, annealing the film at T 2 550°C in an inert atmosphere results in 
interdiffusion of the In and Ga, converting the film to single phase Cu(In,Ga)Se, [201]. 

The interdiffusion of Ga anc In in a CuGaSe,/CuInSe, thin film diffusion couple and the diffusion 
of In into CuGaSe, thin films were studied by Auger depth profiling [206]. CuGaSe, and CuInSe, 
were obtained via selenization by H$e of sequentially deposited Cu-Ga and Cu-In layers, 
respectively. The CuGaSe@dnSe, diffusion couple was annealed at 650°C for 30 minutes in an 
Argon atmosphere. The thin film source of In was diffused into CuGaSe, in the temperature range 
of 400°C to 600°C for 30 minutes in an Argon atmosphere. Bulk interdiffusion coefficients of In 
and Ga in the CuGaSejCuh tSe, couple annealed at 65OoC, and the diffusion coefficients of In in 
CuGaSe, films diffusion-annealed at various temperatures were determined. The interdiffusion 
coefficients of In and Ga at 650°C in the diffusion couple me similar (Din = 1.5 x lo-'' cm2/sec and 
D,, = 4.0 x lo-'' cm2/sec). The diffusion coefficients of In jn CuGaSe, thin films varied from 2.0 
x cm2/sec to 4.5 x lo-'' cm2/sec in the temperature range of 400°C - 600°C. 

2.1.3 Mo/CuInSe, Contact 

The Mo back contact has been characterized with respect to the effect of the Mo relative crystal 
orientation on the subsequent growth of Cu(In,Ga)Se, and with respect to the Mo/Cu(In,Ga)Se, 
electrical contact. A correlation was found between the relative orientation of the Mo and 
Cu(In,Ga)Se, films, as measured by XRD. However, the orientation of the evaporated 
Cu(In,Ga)Se, shows no corrdation to the device results. 
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Many high efficiency CuInSe, based solar cells show blocking or non-ohmic contact behavior in 
their current-voltage characteristic which has often been attributed to the Mo/CuInSe, back contact. 
A novel device configuration is presented which allows the current-voltage characteristic of the 
Mo/CuInSe, junction to be analyzed separately from the rest of the operating solar cell [207] Direct 
measurements of the back contact on operating CuInSe, based solar cells which demonstrate this 
blocking behavior show that the Mo/CuInSe, contact is ohmic with negligible contact resistance 
compared to the total series resistance of the device. 

2.2 MULTISOURCE EVAPORATION 

2.2.1 Introduction 

High efficiency solar cells have been achieved with Cu(In,Ga)Se, thin films deposited by multi- 
source elemental evaporation or selenization. With evaporated absorber layers the highest reported 
efficiencies have been achieved in cells with x --= [Ga]/([In]+[Ga]) = 0.25 corresponding to a 
bandgap (E,) of -1.15eV [208,209]. These cells have V,, = 600 - 650mV. The high efficiency 
cells have been achieved with the Ga either uniformly incorporated in the absorber layer E2081 or 
with a gradient of the Ga decreasing from the Mo back contact to the front [209,210]. At greater 
Ga content, it has been reported that the open circuit voltage did not increase proportionally to the 
bandgap and the efficiency decreased [202,2 1 1-2 131. 

The bandgap of CuInSe, thin films for solar cells has been successfully increased by the addition 
of Ga to form Cu(In,Ga)Se, absorber layers with increased bandgap which more closely matches 
the solar spectrum. This results in a tradeoff of higher open circuit voltage and lower short circuit 
current which should be. advantageous for the manufacture of Cu(In,Ga)Se, photovoltaic modules 
[214]. Specifically, module performance can be improved with lower resistive losses, thinner ZnO 
with less optical loss and/or greater interconnect spacing with reduced associated area related 
losses. In addition, a higher bandgap reduces the current losses due to free carrier absorption in 
ZnO or other transparent conducting materials. 

In this report, Cu(In,Ga)Se, films have been deposited by elemental evaporation with Ga 
composition ranging from 0.25 c x < 0.80. The films are deposited with the Ga uniformly 
distributed from the Mo back contact to the front surface. This allows the effects of increasing Ga 
to be characterized without differences in the device operation due to gradients in the electrical and 
optical properties of the Cu(In,Ga)Se,. The solar cells fabricated from these uniform films have 
15% efficiency for x e 0.5 or E, c 1.3 eV. V,, increases over the entire range of Ga content, up 
to 820 mV, but the device efficiency declines with high Ga content due primarily to a drop in fill 
factor and short circuit current. Analysis of current-voltage and quantum efficiency results show 
that the main cause of this drop off is a voltage dependent current collection. Finally, preliminary 
results show that the fdl factor can be improved by grading the bandgap of the Cu(In,Ga)Se,, but 
there is a concurrent loss in Jsc. 

2.2.2 Cu(In,Ga)Se, Deposition and Cell Fabrication 

For characterization of Cu(In,Ga)Se, films and devices as a function of Ga content, the films were 
deposited by elemental evaporation from four Knudsen type sources to independently control the 
fluxes of Cu, In, Ga, and Se. The substrates were soda lime glass coated by dc sputtering with a 1 
pm thick Mo layer. One bare glass substrate was included in each run to allow measurements of 
the sheet resistance and optical transmission. The Cu(In,Ga)Se, films were deposited using a 
simplified version of the bi-layer process developed for CuInSe, [211]. This began with a Cu-rich 
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Cu(In,Ga)Se, layer, with [CUI > [In] + [Gal, deposited at substrate temperature Tss = 450°C, 
followed continuously by ii layer containing only In, Ga, and Se deposited at Tss = 600°C. In this 
process, the In, Gay and Se source temperatures and fluxes were kept constant through both layers 
and the Cu source was simdy turned off. A profile of the source and substrate temperatures 
versus time for a depositio 1 which gave x = 0.38 is shown in Figure 2-1. The first layer had 
[Cu]/([In]+[Ga]) = 1.3-1.5. The final Cu content could be varied by simply changing the relative 
times of the two layers and the completed films in this work had [Cu]/([In]+[Ga]) = 0.90 k 0.03. 
The Cu(In,Ga)Se, films ha3 thicknesses from 2.5-2.9 pm i3S determined by the mass gain. 

With this process, Cu(In,G a)Se, films were deposited with 0.25 S x I 0.8, which corresponds to 
1.16 eV I Eg S 1.45 eV, for characterization and device fabrication. Also, CuInSe, films were 
deposited for comparison. 
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Figure 2-1 Source and substrate temperature versus time profile of a deposition 
to produce a Cu(In,Gal)Se, film with x = 0.38. 

Solar cells were fabricated by the sequential deposition of CdS, ZnO:Al, Ni/Al grids, and MgF2 
anti-reflection layers on the glass/Mo/Cu(In,Ga)Se,. The CtlS was deposited with a thickness of 
-30 nm by chemical bath deposition using a method similar to that described by Kessler et al. 
[215]. The 2nO:Al was deposited in two layers [216] by rf sputtering from a compound 
ZnO:Al,O, target with 2% PJ,O, by weight. The frrst layer was deposited with a sputter gas 
composition of Ado, (2%) to give a 50 nm thick layer with resistivity p = 50 St-cm. This was 
followed by a layer deposited with a sputter gas composition of Arlo, (0.2%) to give a 500 nm 
thick layer with a sheet resistance of 15 Wsq or p = 8x104 S2-cm. Electron beam evaporation was 
used to deposit Ni/Al grids with - 5% shading loss and a 125 nm thick MgF, layer which 
produces a broad minimum jn the reflection spectrum between 500-800 nm. Cell areas were 
delineated by mechanical scIibing to give individual cells with area 0.4 cm'. Characterization of 
the devices included the total area current-voltage (J-V) response measured at 25°C under AM1.5 
illumination and quantum efhiency (QE) measured under white light bias as a function of voltage 
bias. J-V parameters were measured at NREL on four devices, and gave good agreement with the 
measurements at IEC. 
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2.2.3 Cu(In,Ga)Se, Characterization 

The elemental composition of the Cu(In,Ga)Se, films was determined by energy dispersive X-ray 
spectroscopy (EDS) measurements with a 20 kV acceleration voltage and the composition was 
used to determine Eg according to published values [217]. The grain size and surface morphology 
were evaluated with a scanning electron microscope (SEM). The compositional uniformity was 
characterized by X-ray diffraction (XRD) and Auger electron spectroscopy (AES) depth profiles. 
The XRD scans were performed using Cu Ka radiation in a scanning 28 mode with 0.01 O step 
size. Since the Cu(In,Ga)Se, films are much thinner than the absorption depth of CuInSe, (13 
pm) and CuGaSe, (25 pm), the entire thickness of the films was sampled. The AES 
measurements were done at the National Renewable Energy Laboratory (NREL). Sheet resistance 
was measured on the sample deposited on bare glass substrate with a four point probe. 

SEM characterization of the surface and cross-section of the films showed similar surface 
morphology and well-defined columnar grains with 1-2 pm average grain size regardless of the Ga 
content. An SEM micrograph of a film with x = 0.38 shows this in Figure 2-2. 

Figure 2-2 SEM micrograph of a typical film with x = 0.38. 

XRD measurements were used to determine the Ga content of the films from the lattice parameter 
and gave good agreement with the EDS. Detailed XRD scans were made of the strongest 
reflections and the compositional distribution was inferred from the full width at half maximum 
(FWHM) and peak symmetry. This is shown by the (1 12) peak and the (220)/(204) peak doublet 
in Figure 2-3 and Figure 2-4 for four of the films spanning the compositional range. The crystal 
axis ratio c/a is 2.00 for x = 0.25 so there is no splitting of the (220) and (224) peaks for the film 
with x = 0.27. As x increases or decreases, c/a decreases or increases, respectively, and the 
doublet shows increased splitting. The peaks also show a shift in 28 consistent with the increase 
in x. The (1 12) peaks show an instrumental asymmetry inherent to the apparatus at low 20. The 
Cu(In,Ga)Se, films have FWHM = 0.15-0.19" compared to the CuInSe, films with FWHM and 
the instrumental broadening of 0.1 1 '. Other peaks on the Cu(In,Ga)Se, films which could be 
separated at low and high Ga concentration also had FWHM c 0.2 with no asymmetric 
broadening. The broadening of the CuInSe, film peaks is likely due to stress in the films because 
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the grain size is sufficiently large to have effect on the peak. shape. If the additional broadening of 
the Cu(In,Ga)Se, peaks is entirely due to compositional noin-uniformity, the total variation in x 
would still be less than k5% for each film corresponding to a maximum bandgap variation of 
B.03 eV. Thus the XRD spectra indicate that the films are compositionally uniform. 

To characterize the relative orientation of the grains within the f h  the relative orientations of the 
(1 12) peak and the (220)/(204) doublet were determined by measuring the areas under the 
diffraction peaks. The ratios of the integrated intensity I( 1 1.2) to 1(220)+1(204) are compared in 
Table 2-1 to those of powder diffraction standards for x = 0.3 and 0.6 [218]. These relative 
orientations suggest that the Cu(In,Ga)Se, films have a nearly random crystal orientation. The 
Cu(In,Ga)Se, orientation may be related to the orientation of the substrate it is deposited on. The 
random orientation was obt 3ined when the films were deposited onto (1 10) oriented Mo layers, but 
Cu(In,Ga)Se, deposited directly on glass had a strong (1 12,) orientation with 
I( 112)/[1(220)+1(204)] = 420 for the run which gave x = 0.38. We have previously shown that 
there is an inverse correlation between the Cu(In,Ga)Se, orientation and that of the Mo E2191 and 
this will be discussed further in section 2.4. 
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Figure 2-3 XRD scans of f he (112) peak for samples with x = 0,0.27,0.43, and 
0.69. 
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Figure 2-4 
0.43, and 0.69. 

XRD scans of the (220)/(224) doublet for samples with x = 0, 0.27, 

Table 2-1 
ratio of the areas under the (112) and (220)/(204) peaks and intensities from 
powder diffraction patterns. 

Relative crystallite orientation of the Cu(In,Ga)Se, measured by the 

films 
I o  I 1.0 I 0.13 I 2.7 I 

0.27 1.16 0.16 0.7 
0.30 1.18 0.21 1.2 
0.38 1.23 0.17 0.9 
0.43 1.27 0.19 1.6 
0.58 1.37 0.17 1.2 

1.9 1 
powder standards 

0 - - 0.7 
0.3 - - 2.5 
0.6 - - 1.7 

The compositional uniformity was confirmed by AES depth profiles measured on the films with x 
= 0.38 and 0.58. The atomic concentrations of Mo, Cu, In, Ga, and Se are shown in Figure 2-5 
for the first film plotted versus sputter time. The Mo signal rises rapidly after - 130 min sputtering 
time indicating that the entire film was sampled in this time. The profiles show no gradient in x 
through the bulk of the film thickness, consistent with the XRD results, and the value of x agrees 
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well with that determined by EDS. Thus, as the total Ga content increases there is no separation or 
diffusion of the In and Ga as was observed with selenized Cu(In,Ga)Se, films (see section 2.3.3). 
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Figure 2-5 Atomic concentrations determined by .AES depth profile of Mo, Cu, 
In, Ga, and Se for the film with x = 0.38. 

The AES profiles show that he In concentration at the front surface is greater than in the bulk film 
while the Cu and Ga concen rations are lower near the front of the film. This is consistent with the 
presence of a Cu-deficient 1;:yer at the front surface of the Cu(In,Ga)Se, film [220]. In this case, 
the AES data suggests that the surface layer also has lower Ga than the bulk so the surface may 
prefer a Cu-In-Se phase such as CuIn,Se, over an analogous; Cu-Ga-Se, phase. The effect of such 
a layer on the device performance is unknown and no attempt is made to account for it in the device 
analysis below. 

Finally, resistivity measurements of the films deposited simuiltaneously on bare glass also do not 
indicate any difference in the films as x increases. All films had p = 25+15 Q-cm with no 
correlation to composition. 

2.2.4 Device Results 

The solar cell parameters Vo,:, Jsc, fill factor (FF) and efficiency (q) determined from J-V 
measurements at 25°C are listed in Table 2-2 for cells with nine bandgaps from 1.16 to 1.54 eV. 
The same parameters are plotted versus bandgap in Figure 2-6. 
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Table 2-2. Cu(In,Ga)Se, device parameters under AM15 illumination at 25°C. 
~ ~~ ~ 

X E, vc€ JSC FF 11 
(ev> (mV> (Wcm2> (%I (%) 

0.27 1.16 602 33.2 74.1 14.8 
0.30 1.18 623 32.8 73.1 14.9 
0.34 1.21 653 32.0 73.5 15.4 
0.38 1.23 639 31.9 74.3 15.1 
0.43 1.27 689 28.9 75.0 15.0 
0.53 1.34 729 27.6 70.9 14.3 
0.57 1.37 746 25.2 69.7 13.1 
0.72 1.47 804 20.7 69.0 11.5 
0.8 1 1.54 82 1 16.8 63.7 8.8 

The efficiency, Figure 2-6(a), remains constant -15% for E, < 1.3 eV. V,,, Figure 2-6(b), 
increases linearly with slope qAVJAE, = 0.7 up to E, = 1.4 eV but more slowly with E, at the 
highest bandgaps.. The fall-off in J,, is shown in Figure 2-6(c). The dashed line is the 
approximate available current obtained by integrating the AM 1.5 Global spectrum and subtracting 
12% to account for optical losses including reflection, grid shading, and absorption in the ZnO and 
CdS layers. Quantum efficiency curves for these devices show a shift in the long wavelength fall- 
off consistent with the shift in Eg and the decrease in Jsc follows the available current for low 
bandgap. However, there are additional losses at the highest bandgap values. Finally the fill 
factor is 73-75% for E, c 1.3 eV but also falls off at increased bandgap. The drop in FF and J,, 
are the main causes for the fall-off in efficiency. 
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Figure 2-6 Bandgap dependence of basic J-V parameters: (a) efficiency, (b) V, ,  
(c) Jse, and (d) FF. The dashed line in (c) is the available current as described in 
the text. 

2.2.5 Cu(In,Ga)Se, Device Analysis 

The qualitative features with high Ga content in Figure 2-6 can be attributed primarily to a voltage 
dependent current collection . This can be shown by detailed comparison of the J-V behavior in 
the dark and under illumination and from the voltage bias dependence of the quantum efficiency. 
This analysis will be shown to elucidate the difference between the J-V behavior at low and high 

10 



bandgap by comparing the cells with E, = 1.16 and 1.47 eV. The dark and illuminated J-V curves 
for these two devices are shown in Figure 2-7. 

- 

-0.4 0 0.4 0.8 

v (Volts) 

Figure 2-7 J-V curves for E, = 1.16 and 1.47 eV. 

The J-V data is described by a standard diode model which gives 

J =  J, exp[ q(V - RSJ) ]-J,-JL+GV 
AkT 

Equation 2-1 

where J, is the forward current, A the diode quality factor, JL the light generated current, R, the 
series resistance, and G the shunt conductance. With the forward diode current limited by 
Shockley-Read-Hall recombination through a distribution of states within the space-charge region 
of the Cu(In,Ga)Se, [221-2231, A is between 1 and 2 and J, is given by 

J, = J,, exp -- [ 2:T)- 
Equation 2-2 

The diode equation as written in Equation 2-1 assumes that R,, and G, are constant, i.e. that the 
series and shunt tenns are ohmic. In addition, JL can be voltage dependent, but most diode 
analysis requires the assumption that the light generated current is constant, i.e. JL = Jsc. These 
assumptions must be experimentally verified and often do not hold with thin film polycrystalline 
solar cells. This can be done by considering the derivatives g(V) = dJ/dV and r(J) = dV/dJ. If JL 
= J, and the shunt term is ohmic, gfV) will be constant near V = 0 and in reverse voltage bias, 
where the diode contribution becomes negligible,. With R, and J,, constant and R,G << 1, 
differentiating Equation 2- 1 gives 

AkT r(J) = R, + -(J + JSc)-'. 
9 

Equation 2-3 



In this case, a plot of r(J) vs (J+J,,)-' will be linear at large current with intercept R, and slope 
AkT/q. Finally, when the assumptions of constant R,, G, and JL apply and Equation 2-1 is shown 
to be applicable, a logarithmic plot of J+J,, versus V-RsJ will give an intercept of J, and slope 
q/AkT. 

Figure 2-8 shows g(V) for i.he devices in Figure 2-7. With E, = 1.16 eV, g(V) is constant in 
reverse voltage bias both in the dark and under illumination. This gives a dark shunt term G = 0.4 
mS/cm2. However, with E, = 1.47 eV, g(V) is constant only in the dark, where G = 0.2 mS/cm2. 
There is a clear voltage dependence under illumination. For all the devices the dark shunt term is 
small enough that it can be neglected in the subsequent analysis. 

A similar difference is shown by r(J) in Figure 2-9. The low bandgap cell has little difference 
between the dark and illumj nated data. The intercept gives R, = 0.2 Q-cm2 and the slope gives A = 
1.7. For the higher bandga? cell, the dark fit gives R, = 0.3 Q-cm2 and A = 1.8. However, the 
illuminated data does not fit a straight line so R, and A cannot be determined. 
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Figure 2-8 Illuminated arid dark g(V) for (a) Eg = 1.16 lev, and 
(b) E, = 1.47 eV. 
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Figure 2-9 Illuminated and dark r(J) for (a) E, = 1.16 eV, and (b) E, = 1.47 eV. 
Solid lines show the fit to determine &. 

Using the dark value of R,, the logarithmic plot of J+J,, vs. V-R,J is shown for the same two 
samples in Fig. 6. For E, = 1.16 eV, the lines give A = 1.6 in the dark and 1.7 under 
illumination. For Eg = 1.47 eV, A = 1.8 in the dark. However, there is a large excess current 
under illumination and the J-V data does not fit the simple exponential form of Equation 2-1 so A 
and Jo cannot be determined. 
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Figure 2-10 Logarithmic plot of J+J,, vs V-R,J with (a) Eg = 1.16 eV, and (b) 
E, = 1.47 eV. Solid lines show the fit to determine Jo and A. 

The differences at high bandgap between the dark and illuminated data shown above can be 
attributed to a voltage dependent current collection. This is seen in the voltage dependence of the 
QE which is shown at OV and -lV in Figure 2-1 1 for the same two devices. Increasing reverse 
voltage bias has little effect on the QE for the low bandgap cell. The ratio QE(-lV)/QE(OV) 
increases only to 1.02 at long wavelength. However, there is a much bigger difference between 
the two curves for the high bandgap cell and the QE(V) ratio increases to 1.10. 
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Figure 2-11 QE curves at 0 and - l V  and the ratio QE(-lV)/QE(OV) for (a) E, = 
1.16 eV, and (b) E, = l.47 eV. 

The voltage dependent current collection can also be shown by the voltage dependence of the 
normalized current difference (Jillum - Jdark)/JL where Jillum and Jdark are the currents measured under 
illumination and in the dark respectively. J, is taken as JiIium at V = -1 V. This is shown in Figure 
2-12 for Eg increasing from 1.21 to 1.54 eV. As the bandgap increases the voltage dependence of 
the current clearly increases This behavior suggests that the minority carrier diffusion length is 
small in these devices so that the collection of light generated current is dependent on the space 
charge width which varies with the applied voltage. 

v (Volts) 

Figure 2-12. Voltage dependence of the normalized current difference 
(Jill",,, - J dark)/JL with increasing bandgap. 

Results from the diode analysis for all nine devices are listed in Table 2-3. All devices could be 
completely characterized in the dark but the devices with Eg :> 1.3 eV could not be analyzed under 
illumination due to the voltage dependent current collection. There is no increase in G or R, as the 
bandgap increases and only i i  small increase in A, so the voltage dependent collection is apparently 
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responsible for the drop in FF. The fall-off in J,, seen at high bandgap in Fig 2 indicates that there 
is significant current loss even at V=O. The loss in V,, at high bandgap can also be explained, at 
least in part, by the poor current collection. 

The device parameters in Table 2-3 can be used to determine the slope of the increase in V, with 
E,. Solving Equation 2-1 for J=O, with GV,, e< Jsc, gives: 

qV,, = -E, A + AkTbn[ e)] 
2 "  

Equation 2-4 

The devices with Eg < 1.3eV have A-1.7 so the first term gives a slope q(dV,JdEd = A/2 = 0.85. 
The values of Jo under illumination in Table 2-3 with Equation 2-2 give J, = 3x10- mA/cm2 so 
with the second term, Equation 2-4 gives a predicted slope q(dV,JdE,) - 0.75-0.8. As shown in 
Figure 2-6(b), a fit to the data up to Eg = 1.4eV gives qAVoJAEg = 0.7. 

Table 2-3 Cu(In,Ga)Se, diode parameters determined by analysis of the J-V data. 
An asterisk indicates that the parameters could not be determined (see text). 

Eg 
(ev> 
1.16 
1.18 
1.21 
1.23 
1.27 
1.34 
1.37 
1.47 
1.54 

dark 
G RS JO A 

'mS/cm2) (S1-cm2) (mA/cm2) 
0.4 
1.1 
0.2 
0.1 
0.8 
1.1 
0.2 
0.2 
0.1 

0.1 
0.5 
0.2 
0.1 
0.1 
0.2 
0.1 
0.3 
0.2 

1x10-~ 
2x10-~ 
5 ~ 1 0 ' ~  
2X1O4 
4x104 

3x 1 0-6 
4x 1 0-7 
5 ~ 1 0 - ~  

2x10-~ 

1.6 
1.7 
1.7 
1.6 
1.8 
1.6 
1.9 
1.8 
1.9 

illuminated 

(S1-cm2) (mA/cm2) 
RS JO A 

0.1 
0.3 
0.2 
0.1 
0.1 
* 
* 
* 
* 

3 ~ 1 0 - ~  1.7 
4 ~ 1 0 - ~  1.7 
2x105 1.8 
1x10-~ 1.7 
5 ~ 1 0 - ~  1.7 

* * 
* * 
* * 
* * 

Analysis of the J-V and QE results show that the Cu(In,Ga)Se, solar cells are well behaved, i.e. 
the J-V results can be described by the standard diode equation (Equation 2-1), only for E, < 1.3 
eV. The dominant additional effect with higher bandgap is the voltage dependent current 
collection. This suggests that the minority carrier diffusion length is small in these devices so light 
generated carrier collection is primarily dependent on the space-charge width in the Cu(In,Ga)Se, 
which in turn depends on the applied voltage [224]. 

Other changes in the Cu(In,Ga)Se, with increasing Ga content have been suggested which might 
effect the cell behavior. These include a change in the forward current recombination mechanism 
[213] and changes in the electrical characteristics of a Cu-deficient surface layer [220, 2251. The 
voltage dependent collection prevents the fundamental diode parameters A and Jo from being 
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determined by standard methods of J-V analysis for the data measured under illumination. Other 
methods for more complete diode characterization are neede:d [226]. 

In summary, solar cell results have been presented with Cu(In,Ga)Se, layers having bandgap from 
1.16 to 1.54 eV with no grading of the Ga content in the absorber layers. There were no changes 
in the Cu(In,Ga)Se, deposit.on other than the relative mounts of In and Ga, or in any of the 
device fabrication steps and no change in the structure or morphology as the Ga content increased. 
The solar cells have -15% efficiency with x e 0.5 or Eg e 1.3eV. V,, increases over the entire 
bandgap range up to 821 mV but the cell efficiency falls off as Eg increases above 1.3 eV. 
Analysis of the J-V and QE data shows that this is attributable primarily to a voltage dependent 
current collection which results in a decrease in FF and J,. 

2.2.6 Cell Results With (Graded Cu(In,Ga)Se, 

The minority carrier current collection can occur by two different mechanisms, diffusion and field- 
assisted collection. Cu(In,G,%)Se, absorbers were fabricated to determine whether the minority 
carrier collection could be improved by grading the conduction band to build in additional field. 
This could be done with a gradient in Ga content, decreasing from the Mo contact to the 
Cu(In,Ga)Se&dS junction [ 2 1 01. 

To grade the Ga content, a 2 5 or 50 nm thick Ga layer was deposited by sputtering on the glassMo 
substrate. These were placed in the evaporator alongside the standard glass/Mo substrates for the 
Cu(In,Ga)Se, depositions tf at produced the films with Eg =: 1.34, 1.47, and 1.54 eV. EDS 
measurements showed a smdl increase in x of -0.02 with the 25 nm Ga layer and X R D  
measurements showed some asymmetrical broadening of the Cu(In,Ga)Se, peaks indicating that 
the Ga was non-uniformly incorporated through the film. 

The basic device parameters are compared with and without the thin Ga layers in Table 2-4. In 
each case, there is an increase in FF suggesting that the current collection was improved. There is 
also a drop in J,, and small increase in V,, which may be partly due to a bandgap increase. While 
this Ga grading has not resulted in an increased efficiency of these high bandgap devices, the 
results do suggest that the loss in FF due to the voltage dependent collection can be partly 
recovered. More controllable methods of grading the Ga content may improve device 
performance. 

Table 2-4 Comparison of device parameters with Cu(In,Ga)Se, layers deposited 
on MoGa layers. 

1.34 0 729 27.6 76.9 14.3 
50 767 22.0 76.0 12.8 

~ ~~ ~ ~ ~~ ~~ ~~ 

1.47 0 804 20.7 69.0 11.5 
25 810 15.9 71.7 9.3 

1.54 0 821 16.8 63.7 8.8 
24 825 13.9 67.8 7.7 
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2.3 SELENIZATION OF Cu-Ga-In PRECURSORS 

2.3.1 Introduction 

Cu-Ga-In precursors reacted in a selenium containing atmosphere in the temperature range 400°C- 
500°C contain a mixture of CuInSe, and CuGaSe, phases instead of the desired single phase 
Cu(GaIn)Se2 12271. From X-ray diffraction and Auger analysis, the mixed phase films form a 
layered structure with the CuInSe, phase near the surface and the CuGaSe, phase near the Mo/film 
interface. Annealing of these films in the temperature range 500"C-600"C in an inert atmosphere 
for a duration of 60 to 90 minutes converts the multiphase structure in the film to a single phase 
Cu(In,Ga)Se,. In this section, solar cells made with the multiphase films are shown to have 
properties similar to CuInSe, devices while cells made with the annealed single phase films behave 
like Cu(In,Ga)Se, devices with the bandgap expected for the precursor composition. Additionally, 
preliminary results are presented of experiments to determine the diffusion coefficient of In in 
CuGaSe,, Ga in CuInSe, and the interdiffusion coefficients of In and Ga in a CuGaSeJCuInSe, 
diffusion couple. 

2.3.2 Experimental Procedures 

Metal precursor films were deposited in the sequence Cu-Ga-In at room temperature onto Mo 
coated soda lime glass substrates by DC magnetron sputtering 1. The Cu thickness was chosen to 
be 250 nm and the thicknesses of Ga and In layers were adjusted to yield a Cu/(In+Ga) ratio of 
approximately 0.9. Precursor films with Ga/(Ga+In) ratios of 0,0.25,0.5,0.75, and 1.0 were 
prepared. 

The films were selenized in a flowing H2Se/Ar/02 mixture for 90 minutes after a 10 min ramp to 
the chosen substrate temperature [228]. A substrate temperature of 410°C was used with the Cu-In 
precursor while the films containing Ga were reacted at 450°C. Post-reaction heat treatments for 
60-90 minutes were carried out in-situ in an Ar atmosphere at 500°C and 600°C for the films with 
different Gd(Ga+In) ratios, followed by a second exposure to the gas mixture containing 5 S e  to 
compensate a possible Se loss at the films surface. The structure of the absorber layers was 
examined by X-ray diffraction (XRD) and their composition was determined by energy dispersive 
X-ray spectroscopy (EDS) and Auger depth profiles. 

Cu(In,Ga)SeJCdS solar cells were completed on the absorber layers using the processes described 
in section 2.2.4. No anti-reflection coatings were used. The solar cells were characterized by 
current-voltage and spectral response measurements. Estimations of the parameters of minority 
carrier transport and the bandgap of the absorber were derived from the long wavelength cut-off of 
the spectral response [229]. Capacitance was measured with a 100 W 5 0  mV excitation under 
ambient light. 

%or the diffusion experiments, CuGaSe, films were coated with an In layer with thickness -1000 
A. These films were annealed at different temperatures ranging from 400°C to 600°C for 30 
minutes in an Argon atmosphere. The CuGaSeJCuInSe, diffusion couple was prepared by first 
reacting Cu-Ga films to form a CuGaSe, layer, onto which Cu and In layers, with C u h  = 0.9, 
were sputter-deposited sequentially, followed by reaction in H2Se to a form a CuInSe, layer. The 
desired film thicknesses of CuInSe, and CuGaSe, were approximately 2pm each. The diffusion 
couple was annealed at 650°C for 30 minutes in an Ar atmosphere. The concentration profiles in 
the above samples were determined by A E S  depth profiling. Depth profiles of a CuGaSe,/In 
sample and a CuGaSeJCuInSe, sample which did not undergo any annealing treatment were also 
measured. 
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2.3.3 Selenization Results 

The selenization of Cu-In and Cu-Ga precursor films resulted in single phase CuInSe, and 
CuGaSe,, respectively. However, the selenization of the Cu-Ga-In precursors resulted in a film 
containing CuInSe, and CuGaSe, with little intermixing. The XRD spectrum of the (220) and 
(204) reflections from the film with Ga/(In+Ga) = 0.5 is shown in Figure 2-13. The as-selenized 
film showed distinct peaks corresponding to phases close to CuInSe, and CuGaSe,. Even though 
CuInSe, and CuGaSe, are miscible at all concentrations, there is little Cu(In,Ga)Se, evident in the 
spectrum. The Auger depth profile of this film, shown in Figure 2-14, indicates that the film had a 
layered structure with CuGaSe, near the back and CuInSe, at the surface. 

5000 

- As-selenized ' I  I . 
' I '  f 

- ; !  

# I  1.1 , - - _  500°C 
600°C I *I 

44 45 46 

Figure 2-13 X-ray diffraclion spectra of (220) and (204) reflections of as- 
selenized and heat treated Cu(In,Ga)Se, films with Ga/( Ga+In) = 0.5. 
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Figure 2-14 Auger depth profile of an as-selenized Cu(In,Ga)Se, film with a 
Ga/(Ga+In) = 0.5. 

XRD spectra after the in-situ Ar atmosphere anneals at 500°C and 600°C are also shown in Figure 
2-13. After the 500°C anneal, the film still retained the two-phase structure of the as-selenized 
film. The 600°C anneal, however, converted the film to single phase Cu(In,Ga)Se,. The Auger 
depth profile in this case is shown in Figure 2-15 and c o n f m  that the Ga and In are more 
homogeneously distributed. Similar behavior was observed for the fdms with Ga/(In+Ga) = 0.25. 
However, the film with Ga/(In+Ga) = 0.75 was converted to single phase after the 500°C anneal. 
Since the homogenization occurred at a lower temperature, it is assumed that inter-diffusion of In 
and Ga is faster in films with greater Ga content. 
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Figure 2-15. Auger depth profile of an annealed (60 minutes, 600°C in Ar) 
Cu(In,Ga)Se, film, with a Ga/(Ga+In) = 0.5. 

Device results for the solar cells made from films with the different Ga contents and anneal 
conditions are listed in Table 2-5. Spectral response plots for the as-selenized and annealed films 
with Ga/(In+Ga) = 0.5 are shown in Figure 2-16. The open circuit voltage and long wavelength 
cut-off of the spectral respo ise of the as-selenized multi-phase absorbers are similar to CuInSe, 
cells. The photovoltaic response is controlled by the more Ih-rich, lower bandgap phase close to 
the heterojunction. The second phase is separated from the active layer of the device and does not 
deteriorate the cell performance. Devices with the annealed single-phase films have increased V, 
and a shift in the spectral re jponse cut-off consistent with the expected Ga/(In+Ga) for these films. 
Evaluation of the spectral response and capacitance for all cdls suggests a narrow field zone and a 
good diffusion length of 0.f-1 pm. The long wavelength spectral response can be described with 
good accuracy by assuming a constant, direct bandgap, Le., there is no indication for a graded 
bandgap. 
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Table 2-5 Cell results from selenized Cu-Ga-In precursors with different Ga 
content. 

x Anneal Structure c u  In Ga Se Vm Jsc FF Eff 

("C) (at.%) (at.%) (at.%) (at.%) (v) (mA/cm2) (%) (%) 

0 - CuInSe, 23.9 25.0 - 51.1 0.44 39 66 11.2 

0.25 - multi-phase 22.3 14.0 2.9 50.8 0.46 39 58 10.4 

0.25 500 multi-phase 22.7 22.5 2.6 52.2 0.45 38 68 11.5 

0.25 600 single-phase 22.3 18.6 5.9 53.2 0.56 34 67 12.9 

0.50 - multi-phase 22.4 18.9 7.9 50.8 0.53 38 64 13.1 

0.50 500 multi-phase 22.4 18.3 8.9 50.4 0.54 35 66 12.5 

0.50 600 single-phase 22.3 12.8 13.2 51.7 0.59 30 60 10.5 

0.75 600 single-phase 21.6 7.0 19.0 52.4 0.63 22 46 6.4 
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Figure 2-16 Spectral response of devices made from an as-selenized and heat 
treated Cu(In,Ga)Se, film with Ga/(Ga+In) = 0.5. 
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To summarize, absorber filins prepared by selenization of Cu-Ga-In precursor layers with H2Se 
are inhomogeneous with a layered structure containing two phases with compositions close to 
CuInSe, and CuGaSe,. Cell results and spectral response measurements are consistent with the 
In-rich phase at the top oft€- e film and exhibit a comparable or better performance than cells based 
on single phase CuInSe,. An in-situ anneal in Ar, immediately after the selenization, is shown to 
create homogeneous, single phase films, even at high Ga-content. Material and device 
measurements show that these fdms contain the same Ga/(Iin+Ga) composition as the starting 
precursors. 

2.3.4 Experimental Res1 ilts 

Interdiffusion of In and Ga <3ppears to be responsible for this homogenization process of mixed- 
phase, as reacted Cu(In,Ga)Se, films. Walter and Schock reported that interdiffusion of In and Ga 
was greatly enhanced in the presence of the copper selenide phase in copper rich CuInSe,,/CuGaSe, 
films [230]. Thus, all the CuGaSe,, CuInSe, films used for the diffusion experiments were 
prepared copper poor to avcdd the formation of a copper selenide phase. SEM, EDS, XRD, and 
AES measurements have been completed on samples of In on CuGaSe,, Ga on CuInSe,, and 
CuGaSe@InSe, diffusion couples. These results are analyzed in 2.3.5 to determine the 
diffusion coefficients. The Auger profiles for In in CuGaSe, in the unannealed and annealed 
samples are shown in Figun: 2-17. The concentration profiles of In and Ga for the unannealed 
sample and the annealed sample are shown in Figure 2-18. 'rhis data will be analyzed to determine 
the diffusion coefficients. The measurements made for Ga on CuInSe, gave unexpected results; 
after heat treatment, a multi-phase structure was formed corisisting of InSe and Cu(In,Ga)S%. 
Additional experiments are iinderway to understand the results. 
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Figure 2-17 Depth profiles of In in CuGaSe, 



60 

50 

40 

30 
* 
2 20 

10 

0 
0 1 2 3 4 5 6  

Sputter depth (pm) 
(a) 

60, I 1 I I I 

4 

0 1 2 3 4 5 6  
Sputter depth (pm) 

(b) 

Figure 2-18. Concentration profiles of Cu, In, Ga and Se in CuGaSeJCuInSe, 
diffusion couples: (a) initial distribution, (b) after annealing at 650°C for 30 min. 

2.3.5 Determination of Diffusion Coefficients 

The following assumptions were made in determining the diffusion coefficients (D): 

1) The diffusion coefficients are independent of the concentration. However, D could depend on 
the extent of the deviation from the ideal stoichiometry of the CuInSe, and CuGaSe, films. 

2) The diffusion of In and Ga is planar. This is a valid assumption because the concentration 
gradients of In and Ga are present only in one direction, Le., in the direction of the thickness of 
CuInSe, and CuGaSe, films. 

3) Lattice diffusion is the dominant mechanism near the WCuGaSe, interface and the 
CuInSeJCuGaSe, interface. The grain sizes in the CuInSe, and the CuGaSe, films used in this 
work are in the range of 1 - 2 pm. 

4) The CuInSe, and CuGaSe, films provide a semi-infinite medium for the diffusion of In and Ga. 

Ficks second law of diffusion for one-dimensional, atomic diffusion is, 

ac a2c 
at ax2 - = D- 

Equation 2-5 

where the diffusion coefficient is assumed to be independent of concentration. The 
composition(C) in Equation 2-5 is a function of x and t, where x is the direction of diffusion and t 
is the time. 
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The solution to Fick's second law (Equation 2-6) for the diffusion couple, Le., for the case of two 
semi-infinite layers, is an eiror function, 

C(x,t)=A-Berf -- 
(Z(Dlt)l/2) 

Equation 2-6 

where, A and B are constants to be determined from the boundary conditions. The diffusivities, 
independent of concentration, are calculated from the slopes(Gt) of the 

Ga(or In) profile at the CuGaSeJCuInSe, interface x=O, is given by: Gt=(xDt)-". However, 
since the slope of the Ga(or In) profile in the unannealed sample is non-zero the diffusion 
coefficient is calculated from D = (GF2 - G;')/m , where GO is the slope of the Ga(or In) profile 
at the interface in the unannc:aled sample. 

For the case of thin lilm source diffusion into a semi-infinite slab (WCuGaSeJMo), the 
solution to Fick's second 1a.w is given by 12311, 

dx' f(xi )e-(~-~ ' )2  /4Dt C(x,t) = 

Equation 2-7 

where, f(x') is the initial dislribution (no annealing) of the In source in CuGaSe,. The initial 
distribution f(x') was fit to i(x') = The diffusion coe:fficient was determined from the slope 
of the plot of ln(C) vs. x2; slope = -b/(4Dtb+l). Only the concentration of In within the fust 1 pm 
from the surface of CuGaSe, was analyzed to exclude grain boundary diffusion effects which may 
occur away from the surface. 

2.3.6 Results and Discussion 

The concentration profiles of In and Ga for the unannealed sample and the annealed sample are 
shown in Figure 2-18. The Interdiffusion coefficients of Ga and In for the interdiffusion of In and 
Ga in the CuGaSeJCuInSe, couple were calculated as: 

D,, = 1.5 x lo-" cm2/sec at 650°C 

D,, = 4.0 x lo-" cm2/sec at 550°C 

The experimental error in the interdiffusion coefficients was estimated to be within half-an-order of 
magnitude. Within this exptximental error, the magnitude of interdiffusion coefficients of In and 
Ga are similar. 

2.4 Mo/CuInSe, CONTA CT 

2.4.1 Introduction 

The Mo layer in a typical Ct.(In,Ga)Se, solar cell configuration can have a significant effect on the 
adhesion of the Cu(In,Ga)Sc, film, structure of the Cu(In,G,a)Se, as it grows in the Mo layer, and 
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on the electrical characteristics of the back contact. In this work, the glass/Mo/Cu(In,Ga)Se, 
adhesion did not present any problems, particularly with evaporated absorber films, if the stress in 
the Mo film was minimized by controlling the sputter pressure during deposition [219]. 

Many high efficiency CuInSe, based solar cells have shown blocking or non-ohmic contact 
behavior in their current-voltage (J-V) characteristic [221,232,233]. This “roll-over” of the J-V 
curve in forward voltage bias is seen at normal operating temperatures in some devices, but is more 
common and more pronounced at reduced temperatures. The shape of this roll-over behavior in 
the J-V curve and the temperature at which it appears depend on the processing and electronic 
properties of the CuInSe,. In many cases this affects the J-V curve in the power quadrant, 
reducing the fill factor. However, it has been shown that the parasitic J-V behavior does not have 
any effect on the open circuit voltage of the device [233] and is therefore assumed to occur in series 
with the primary diode. Because of these properties, the blocking behavior has been attributed to 
the Mo/CuInSe, back contact. Measurements of the Mo contact to single crystal CuInSe, showed 
that the contact behavior depended on the defect state concentration of the CuInSe, [234]. 
However, there has also been evidence that the blocking behavior can be light-dependent [221] and 
may specifically depend on the deposition of the CdS or ZnO layers [235]. In this case, the 
behavior may originate at one of the interfaces between the ZnO, CdS, and CuInSe,. Numerical 
modeling has shown that the qualitative features of the blocking behavior could be simulated by a 
non-ohmic Mo/CuInSe, contact or changes in the electrical properties of the CuInS%/CdS junction 
[236]. 

In this report, a novel device configuration is presented which has allowed the MoKuInSe, 
junction to be analyzed separately from the rest of the operating solar cell. Direct measurements of 
the contact have been completed on a device which shows a non-ohmic blocking contact in its J-V 
behavior. The results show that the non-ohmic behavior does not occur at the MoKuInSe, 
contact. 

The effect of the Mo layer on the Cu(In,Ga)Se, structure has been characterized with respect to the 
effect of the Mo relative crystal orientation on the subsequent growth of Cu(In,Ga)Se,. A 
correlation was found between the relative orientation of the Mo and Cu(In,Ga)Se, films, as 
measured by XRD. However, unlike the composition of the Cu(In,Ga)Se, film, the orientation of 
the evaporated Cu(In,Ga)Se, shows no correlation to the device results. 

2.4.2 Mo Contact Experiment 

The CuInSe, in this work was formed by the selenization of Cu/In precursor layers in a H2Se 
atmosphere [228]. The Mo was deposited by sputtering, the CdS by chemical bath deposition, and 
the ZnO by rf sputtering as described in section 2.2.2. 

The direct measure of the back contact J-V behavior requires that the CuInSe, is deposited across a 
gap in the Mo back contact. A schematic of the configuration is shown in Figure 2-19. The Mo 
has been prepared either by laser scribing the Mo or depositing the Mo through a mask. After 
CdS, ZnO, and Ni contacts are deposited, solar cells are defined by photolithography so the cells 
are isolated with the Mo gap between the cells. With the Mo deposited through a mask, the Mo gap 
is 1 mm wide. The cells have an 8 mm2 area. 
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1 CulnSe2 
+-- Mo 

glass substrate 

Figure 2-19. Schematic of the device structure with a gap in the Mo film. 

This configuration allows a secondary Mo contact to be electrically connected to the CuInSe,, but 
isolated from the primary M dCuInSe, contact. With only a high impedance voltmeter connected, 
there is no current flow through the secondary Mo contact. 

An equivalent circuit is shown in Figure 2-20. Both the front and back contacts are shown with a 
resistor and blocking diode because it is not known a priori which is the appropriate equivalent 
circuit representation. The objective of this work is to detennine in which case the diode occurs. 
A similar configuration was used to separate bulk and contact resistance in a-Si solar cells [237]. 

In the normal cell configuration both the current and voltage are measured between points 1 and 3, 
J1-3 and Vi-3 respectively. To separate the Mo/CuInSe, back contact, the voltage drop is 
measured across points 2 and 3 (V2-3), i.e. between the two adjacent Mo contacts, while the current 
is still measured in the normd device configuration between points 1 and 3. The only junction at 
which there will be any currmt and, therefore, a measured voltage drop will be the back contact of 
the operating solar cell. Similarly, with the standard current from 1 to 3 the voltage drop across the 
CuInSeJCdS/ZnO is isolatelj by measuring V,-,. In this case, any voltage drop across the 
Mo/CuInSe, contact is rem0 ved from the measurement. 

1 2 3 

h9o/CuinSe 2 

Figure 2-20 Equivalent circuit of the device configuration. Both the front and 
back contacts are shown with a resistor and blocking diode 
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2.4.3 Mo Contact Results 

This method has been applied to a CuInSe, device with VOC = 0.48V, JSC = 34 mA/cm2, FF = 
6696, and efficiency = 10.7% when measured at 25°C under AM1.5 illumination with the standard 
configuration with 
Figure 2-21. 

J-V curves in the standard configuration at 25°C and -70°C are shown in 
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Figure 2-21 J-V characteristics with the voltage drop across the complete solar 
cell both in the dark and under -100 mW/cm2 illumination. At T = -70°C the J-V 
curves show strong blocking behavior for V > Voc. 

The voltage drop across the CuInSe,/CdS/ZnO is shown at the same temperatures in Figure 2-22. 
There is no significant difference between these measurements, in which the Mo contact has been 
electrically removed from the circuit, and the curves for the complete device in Figure 2-21. 
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Figure 2-22 J-V characteristics with the voltage drop across the 
CuInSeJCdSIZnO for (a) T = 25"C, and (b) T = -70°C 

Finally, the voltage drop across the Mo/CuInSe, is shown in Figure 2-23 on a greatly expanded 
voltage scale. The contact is ohmic at 25°C and remains ohmic at low temperature. The voltage 
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offset seen at J=O is within the instrumental limit of 2 1 mV for the zero. The resistance, 
21 &-cm2 at T = 25°C and 18 &-cm2 at T = -7OoC, can be taken as an upper limit to the 
Mo/CuInSe, contact resistance. The total series resistance, RS, of the complete cell measurement at 
T = 25°C in Figure 2-21 was determined from the intercept of dV/dJ plotted versus l/(J+J,). This 
gave Rs = 1.8 Q-cm2 in the dark and 0.9 Q-cm2 under illumination. Thus, the Mo/CuInSe, 
resistance makes a negligibk contribution to the total series resistance of the device. These results 
show that the parasitic blocking behavior does not occur at the Mo/CuInSe, contact. 
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Figure 2-23. J-V characteristics with the voltage drop aicross the Mo/CuInSe, for 
(a) T = 25"C, and (b) T = -70°C 

2.4.4 Discussion and Co nclusions 

The non-exponential or blocking I-V behavior has been shown not to occur at the Mo/CuInSe, 
interface, so other possibilities must be considered. Previous experimental results [221,232,238] 
show that similar non-expon ential or "blocking" I-V characteristics occur on devices that were 
made with no ZnO layer contacting the CdS. Assuming conipositionally uniform materials, this 
leaves the CdS/CuInSe, interface as the most likely candidat e responsible for this effect. Simple 
numerical simulations using the ADEPT program and assunling a simple n-type CdS/p-type 
CuInSe, abrupt interface ha\re been able to reproduce both the overall shape and temperature 
dependence of the non-exponential or "blocking" I-V behavior by making the electron affinity of 
the CdS about 0.4 eV less t k m  that of the CuInSe, [236]. This would also imply changes in this 
type of behavior when the electron affnity of the CuInSe, is modified by alloying with either Ga or 
S. Now that a structure has been made to electrically separate the back contact from the junction, 
these changes can be verifieil. 

In conclusion, a configuration was demonstrated which enables the front and back contacts of an 
operating CuInSe, solar cell to be separated. With this configuration, it was shown that the 
Mo/CuInSe, contact is ohmic even when the complete solar cells shows blocking behavior often 
seen in the J-V curves. The Mo/CuInSe, contact resistance is negligible compared to the total 
series resistance of the cell. 

2.4.5 Mo/Cu(In,Ga)Se, Orientation 

The effect of the relative orientation of the Mo and Cu(In,Ga)Se, films, as measured by XRD, and 
its correlation to device performance has been evaluated. Cu(In,Ga)Se, films with x = 0.3 were 
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deposited by evaporation on two different Mo films in a single deposition. The Mo films were 
deposited in different sputtering systems but both were 1 pm thick with sheet resistance 0.2 Wsq. 
The primary difference in the depositions was that one film was deposited in about 60 layers on a 
rotating substrate while the other was deposited in a single layer on a stationary substrate. 

The orientations of the Mo and Cu(In,Ga)Se, films are characterized by the two strongest peaks for 
each in Table 2-6 and compared to the JCPDS powder diffraction standards. The multi-layer Mo 
film is more strongly oriented than the single layer film. The Cu(In,Ga)Se, film deposited on the 
more oriented Mo film is nearly randomly oriented with I( 1 12)/I(220) comparable to the powder 
standard. However, the Cu(In,Ga)Se, film deposited on the less oriented Mo has a strong (1 12) 
orientation with I( 1 12)/I(220) more than 2 orders of magnitude greater. SIMS profiles of these 
films showed that they have comparable levels of Na impurities which had diffused from the glass. 

J-V parameters for devices made from these films are listed in Table 2-7. Despite the difference in 
the film orientation, the device results are nearly identical. This demonstrates that the orientation of 
the Cu(In,Ga)Se, does not play a significant role in the device performance and suggests that 
electronic transport in the Cu(In,Ga)Se, layer is anisotropic. 

Table 2-6. 
evaporation run. The JCPDS powder diffraction standards are listed for 
comparison. 

XRD peak intensities, I, for Cu(In,Ga)Se, and Mo films from a single 

multi-layer Mo single layer Mo I JCPDS 
Mo peak intensities 

I(110) 100 100 
I(211) 1.3 6.2 

I(110)/I(211) 79 16 

100 
39 
2.6 

~~~ ~ ~~ ~ 

Cu(In,Ga)Se, peak intensities 
I(112) 100 100 100 
I(220) 78 0.46 40 

I( 1 12)/I(220) 1.3 217 2.5 

Table 2-7 Device parameters with Cu(In,Ga)Se, deposited on different Mo films. 

voc Jsc FF rl 
(mv> (mA/cm2) (%) ("/.I 

multi-layer 646 31 72 14.5 

single layer 635 32 70 14.4 
Mo 

Mo 
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3. AMORPHOUS SILICON 

3.1 SUMMARY 

3.1.1 Devices 

Midway through this contract, it was determined that the operational characteristics of the single 
chamber plasma CVD reactor was limiting further improvements in device performance beyond the 
8% efficiency level. It was found through QE measuremenits and SIMS analysis that there was 
significant dopant carryover from one run to the next from the film deposited on the “hot” 
electrode. Deposition of a burying layer of a-SiC:H between device runs was found to be 
necessary to remedy the dopant carryover. As a result, FFs in excess of 71% and efficiencies 
around 9% were obtained rc:producibly. In a second step, H, diluted pc n-layers, compatible with 
ZnO/Ag back contact as we 11 as with tunnel junction in tandem devices, were developed. These pc 
n-layers with conductivities and activation energies of 1 S/c.m and 0.05 eV, respectively, allowed 
fabrication of devices with ;kO/Ag contact with FFs as high as 72% and efficiencies around 10%. 

The ungraded i-layers were about 0.5 pm thick. The buffer layer had a standard graded C profile. 
Devices were deposited on Asahi Type U textured SnO,, with ZnO/Ag back contacts, and had no 
AR coating. All cells were scribed and surrounded by Ag paste to reduce R, and increase FF. 
Pieces were sputter etched to eliminate excessive collection beyond the metal contact. 

Five cells from three differe;nt pieces were tested at NREL, all1 having efficiencies of 10% or 
greater. The results of these tests are shown in Table 3-1 below for one cell from each piece tested 
at NREL. 

Table 3-1 Initial J-V parameters for three cells (areas=0.396 cm2) measured at 
NREL @lo0 mW/cm AM1.5 global illumination and 25 “C 

3.1.2 TCO’s and Optical Enhancement 

The material properties of a number of textured SnO, and ZnO substrates and their effect on 
current generation in a-Si were evaluated [301]. Most of these TCOs have been used by others 
for a-Si device research or module fabrication. Bulk optoelectronic and structural properties are 
reported for seven TCO films with haze from 1 to 14%. Our results show that increasing haze 
above -5% has limited effec iveness for increasing the generation at long wavelengths. In 
presently available textured ;!no, current generation is about 0.6 mA/cm2 greater than in 
textured SnO,. There may bc greater advantages to using ZnlO in multijunction devices since 
much thinner i-layers may bt: used to give the same J,, with improved stability, shorter 
deposition time and less GeH, usage. 
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The effect of sputtered transparent conducting oxide (TCO) contacts on the device performance of 
stainless steeVn-i-p/TCO and glass/SnOJp-i-n/TCO/Ag solar cells were investigated [302]. TCO 
materials IT0 and ZnO are Compared, and found to have very similar transparency at the same 
sheet resistance. Sputtering ZnO with 0, in the Ar reduces FF for stainless steel /n-i-pEn0 
devices, compared to sputtering without 0,. This is attributed to an interface not bulk effect. 
Sputtering IT0 with 0, on the same devices increases J,, due to higher IT0 transparency, 
compared to sputtering without O,, but has no effect on FF. Based on curvature in the J-V curve 
around Voc, the ZnO/p layer contact appears to be non-ohmic. For p-i-n/TCO/Ag devices, pc-Si 
n-layers have much higher Vw, Jso and FF for all variations of TCO/Ag back reflectors compared 
to an a-Si n-layer. Devices with ITO/Ag have lower V,, and Jsc compared to devices with 
ZnO/Ag. Sputtering ZnO with 0, has no detrimental effect on devices with pc-Si n-layers but 
severely reduces FF in devices with a-Si n-layers. 

A novel device structure was used to study optical enhancement and back reflectors (BRs) in a-Si 
n-i-p solar cells by separating the effects of substrate texture, BR texture, and BR reflectivity 
[303 1. QE and diffuse and total reflection are compared for devices on smooth or textured 
substrates, with smooth or textured BRs. There is little improvement in J,, for substrate haze 
exceeding 5%. Substrate texture is much more effective at increasing red response than the BR 
texture. Smooth substrates with textured BRs have comparable diffuse reflection but much higher 
specular reflection than textured substrates with a smooth BR. Devices on textured substrates also 
have lower reflection losses in the blue regions, resulting in higher QE at all wavelengths. These 
results apply to both superstrate and substrate device configurations. 

3.1.3 J-V Analysis 

The current-voltage data measured in light and dark from a-Si based solar cells has been analyzed 
to yield six parameters which completely specify the illuminated J-V curve from reverse bias to 
beyond open circuit voltage (V,). A simple photocurrent collection model is used which assumes 
drift collection in a uniform field. The method has been applied to J-V data from over twenty single 
junction a-Si or a-SiGe devices from five laboratories measured under standard simulated sunlight. 
Very good agreement results between measured and calculated J-V performance with only one 
adjustable parameter, the ratio of collection length to thickness - . Some of these devices have 
also been analyzed after extended light soaking or under filtered illumination. The effect of the 
voltage dependent photocurrent collection .on FF and V, is considered in detail. Results under 1 
sun illumination for both a-Si and a-SiGe devices are consistent with hole limited collection. 
Photocurrent collection in very thin devices @-0.1 pm), or thicker devices under blue light, may 
be strongly influenced by interface recombination or back diffusion. The flatband voltage (V,) is 
dependent on the intensity and spectrum of illumination, hence is not a fundamental device 
property and is not equivalent to the built-in potential. V, is limited by V, not junction 
recombination current J, in typical devices. The illuminated solar cell performance is nearly 
independent of the forward diode current for low values of - , as occurs after light soaking or 
with a-SiGe. The model is also useful to investigate the intensity dependence of FF and to predict 
the influence of - and V, on solar cell performance. 

LC 

D 

LC 

D 

Lc 
D 

As part of the work associated with the device design team, this simple model was applied to a 
wide range of single junction devices and conditions. These included p-i-n and n-i-p cells on 
smooth or textured substrates, a-Si and a-SiGe cells, initial and stabilized, and under AM1.5 and 
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red filtered light. Excellent agreement has been found between the model and the measurements. 
Devices analyzed covered a wide range of sources. In addition to those from EC, cells were 
provided by Solarex, USSC , ECD, and APS.  Analysis of triple junction cells using a parameter 
set based on the stabilized high, middle and low bandgap cells from USSC was also performed. 

3.2 DEVICE PROCESSING AND MEASUREMENTS 

3.2.1 Device Configuration 

Devices used in the present program are single junction, superstrate p-i-n a-Si:H solar cells. The 
device configuration is shown schematically in Figure 3.1, below. 

Ti (0.0025 pm) 

ZnO:Al(O.O80 pm) 
/ 
+- n a-Si (0.025 - 0.050 pm) 

buffer a-Sic (0.006 pm) 
5- p a-Sic (0.006pm) 
/-- 

Figure 3-1 Schematic cross section of the devices used in present program. 

Four circular devices of 0.28" diameter (0.4 cm2 area) were defined on each 1" x 1" substrate by 
depositing back contact met;.llization througg a 0.004" thicg Mo mask. Two types of back contact 
metallization were used. The first isoTi (25 A) / Ag (5000 A) sequentially deposited by e-beam 
evaporation at deposition raks of 2 A/s  and 100 Ns, respectively, with a source-to-substrate 
distance of 14". There was no intentional subspate cooling or hoeating. System base pressure was 
in the range of 1 to 3 ~ 1 0 - ~  Ttm. ZnO:Al(800 A) and Ag(5000 A) contacts are deposited in 
different systems. Zn0:Al is sputtered in argon at a pressure: of 3 mT and a flow rate of 100 sccm 
from q 8" circular target of ZnO:AbO,, containing 1% by weight of A1203. Sputtering rate of 
1000 Nmin was achieved at a power level of 900 W, reflected power being 25 W. Target to 
substrate distance was 2.5". The silver films were deposited, as before, by e-beam evaporation 
under the same condition. 

The a-Si films were depositeij in a glow discharge reactor which will be described in the next 
section. 

Most of the devices during this contract were deposited on gllasdtin oxide substrates were provided 
by Solarex Corporation. This glass is a low iron soda lime type of 2 xmn thickness. Tin oxide 
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films, doped with F, are made by APCVD at Solarex. The electrical and optical properties of these 
films are given in Table 3-2, and their surface topography is shown in Figure 3-2. However, we 
switched to Asahi Type U SnO, during the last year. There was no difference in device 
performance between the Solarex and Asahi SnO,. All of the 10% devices were deposited on 
Asahi Type U. 

Table 3-2 Typical properties of Solarex tin oxide films. 

Thickness Rshet PH n x  10"" HaZe Absorp. 

(%I 
1.2 16 2.0 18 1.7 14 5.6 

(P) (msq) (cm2~.s) (cm-') @700nm @ 550 nm (A.cm) 

I 

Figure 3-2 SEM micrograph showing surface topography of SnO, film. 
Magnification marker = 1 pm. 

3.2.1.1 Reactor Description 

The plasma-assisted CVD (PECVD) reactor used for the deposition of the a-Si:H films has been 
described in a previous report [304]. Therefore, only a brief description will be given here. 

The reactor is of a three chambered load-locked design with a center chamber housing the 
deposition "can," and the two outer chambers being used for reactor loading/unloading. The 
reactor can accommodate substrates up to 4" x 4" in size. In the present program a standard load is 
four 1" x 1" SnO, coated glass substrates labeled -1 1, -12, -21, -22. 

High vacuum ( = 10'' Torr base pressure ) pumping is achieved through the first chamber using a 
170 l/s Balzers turbomolecular pumping unit. A 13 Us Leybold.D408CS corrosive series rotary 
vane pump is used as the process pump. Gases are delivered via mass flow controllers through a 
manifold into the bottom of the center chamber. Pressure is controlled by an MKS throttle valve 
controller and capacitance manometer. The substrates and the deposition can are heated separately, 
the former with quartz resistance heaters, and the latter with a single coiled resistance heating 
element. Temperature is controlled by Eurotherm temperature controllers. F S  power is delivered 
by an E N  300W power supply and matching network. The electrode is a 5 in. diameter perforated 

33 



Mo disc. The electrode-to-mbstrate spacing is 0.625 in. A system diagram of the reactor is 
shown in Figure 3-3. 

f 
Rough 
Pump 
Exhaus 

- 
Argon 
Purge 

5 Open (100 sccm N2) 
6 Silane (100 sccm N2) 
7 Blank (150 sccm SiH4) 
8 Helium (20 sccm Air) 
9 Argon (50 sccm Air) 

Roughing Pump Process Pump 

Gas 8 Air Actuated Valve T.C. Gauge 
Lines 
Vacuum Lines w Manual Valve 

- 
Reactor 4 (Back View) 
WAB 4/24/95 

Figure 3-3 System dia,gram of the a-Si:H plasma-assisted CVD reactor. 



3.2.2 Results And Discussion 

3.2.2.1 Process Optimization and Device Results 

The properties of the TCO used are given in Table 3-2 and the cdposition parameters of standard 
devices are given in Table 3-3. Note that the only layer which has any H dilution is the pc-Si n- 
layer. 

Table 3-3 Deposition parameters of standard devices. 

It became clear, from the SIMS (see Figure 3-4) data, that substantial amounts of phosphorous 
existed in the p-layer. The only possible source of this phosphorous was the phosphorous doped 
film deposited on the electrode of the reactor. No amount of pumping or gas flow was able to 
remove this film. The only possible solution is to deposit a “burying” layer before each run. 
Starting with run M 7 8 ,  a 20 minute buffer layer was used as the burying layer between runs. 
After this, the FF of the devices increased to above 70% [305]. 
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Figure 3-4 

3.2.2.2 Development of pc n-layers 

SIMS depth profiling of sample 4432-11 
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It has been reported that depositing a pc n-layer instead of an a-Si n-layer is critical for the tunnel 
junction of a multijunction device, and can increase V,.as well due to the higher Fermi level 
position. Typically, pc matcrial is obtained under condhons of high H, dilution and high rf 

36 

~~~~~ ~ ~~ ~ 



power. A wide range of dilution (up to 100: 1 ratio of H,:SiH, flow) and rf power (10 W to 50 W) 
were explored. 

The highest quality pc n-layers were obtained with the deposition parameters given in Table 3-3, 
which had the electrical properties shown in Table 3-4. 

Table 3-4 Electrical and optical properties of the the standard pc n-layer. 

p,c n-layer Properties Value 

Eg (0 a = 2000 cm-') 1.9 eV 

E, 0.05 eV 
0 1 S cm-' 

Deposition rate of this particular type of pc n-layer was found to be = 0.5 k s ,  as determined from 
the analysis of SEM cross section micrographs (Figure 3-5). pc n-layers had very little effect on 
the performance of devices having standard Ti/Ag back contacts. However, as discussed below, 
pc n-layers were found to be crucial when using ZnO/Ag contacts. 

Figure 3-5 
Magnification marker = 1 pm. 

pc n-layer deposited on SnO,; deposition time = 40 min. 

3.2.2.3 Back Contact Optimization 

Three parameters of the Ti/Ag metallization were systematically varied: Ti thickness, system base 
pressure, and Ag deposition and rate. Post contact deposition heat treatments (HT) were also 
studied. 

Devices were contacted wiqout Ti, and with 25 and 50 Ti films (as measured by a quartz crystal 
monitor), followed by 5000A Ag. Devices without Ti had much higher initial J,, due to the higher 
red QE based on the higher reflectivity of Ag. However, the J,, of devices without Ti decreased 
significantly after HT, primarily due to a loss in the blue QE, suggesting that Ti acts as a diffusion 
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barrier. Devices with 25 4 Ti had higher red QE!ut same IFF (70-71%), as were devices with 50 
A Ti interlayer. Thus, 25 A Ti followed by 5000A Ag became the standard back contact. 

Reducing base pressure in the metallization bell jar from 1 to 3 ~ 1 0 - ~  T to 5 ~ 1 8 ~  T before beginning 
the Ti deposition had no effcct on initial or annealed values of FF. Since it required several hours 
of pumping to reach the 10- er pressure, metalization at low 
continued. 

base pressure range was 

Finally, increasing the Ag rate from 30 to 100 h s  was found to have a beneficial effect on initial 
FF but made no difference after heat treatment. It is suspected that the higher electron beam power 
needed to achieve higher rate was heating the samples. Furthermore, devices with high rate Ag 
deposition showed very littlc improvement with HT, implying that the thermal treatment during 
metalization was to a certain extent equivalent to the post me:tal heat treatment. In any case, high 
rate Ag deposition was chosen as the standard process. However, it should be noted that none of 
the parameters which were 77aried during optimization (Ti thickness, system base pressure, or Ag 
deposition rate) had any measurable impact on final FF. 

It is well known that ITO/Ag or ZnO/Ag back contact metallizations give higher Jsc due to higher 
reflectivity compared to Ti/Ag or Al. However, as was reported last year [304], although liTO/Ag 
or ZnO/Ag did improve J,, by 1 to 2 mA/cm2, the FF was at best 3 to 4 percentage points lower 
than with Ti/Ag. considerable effort was made to vary the ZnO conditions, the sputtering system 
vacuum cleanliness, and other process conditions. A new sputtering target was installed. 
However, only devices with pc n-layers, described above, gave higher FF when contacted with 
ZnO/Ag. This was further confirmed by sending IEC devices with amorphous and pc n-layers to 
Solarex for contacting with Aeir ZnO/Ag process. In this case, as well, devices with pc n-layers 
had 5 to 10 percentage poinl s higher FF than the ones with amorphous n-layers, though the highest 
FF in these devices was only 68%. The effort at IEC which focused on optimizing ZnO and pc n- 
layer deposition processes in tandem was successful in simultaneously achieving higher J,, and 
FF. As a result, devices witn ZnO/Ag contacts and pc n-layers had FF = 7 1 to 72% and increased 
J, of 15 to 16 mA/ cm2 due to higher red response: the QE at 700 nm increased from = 0.35 with 
TdAg to = 0.55 with ZnO/A g. These results are described further in Section 3.3.2. 

3.2.2.4 Conclusion 

Introducing deposition of bc rying layers between device runs, developing high conductivity, high 
transparency pc n-layer, and in conjunction with the latter, olptimizing ZnO deposition process 
allowed the increases in J,, and V, shown in Table 3-1 leading to 10% efficiencies. 

3.3 EFFECTS OF TRANSPARENT CONDUCTORS AND OPTICAL 
ENHANCEMENT SCHKMES ON SOLAR CELL PARAMETERS 

3.3.1 Jsc Enhancement with Textured SnO, and ZnO 

3.3.1.1 Introduction 

Superstrate amorphous silicon (a-Si) solar cells or modules have a configuration of 
glass/transparent conducting oxide/p-idrear contact. It is commonly assumed that to achieve high 
efficiencies, the transparent conductive oxide (TCO) must have a low sheet resistance 
(<15 CYsq.), a low absorpticln in the visible ( < 5% ), and a sufficient texture to scatter light 
(>5% haze ). It is also required that the TCO be stable in the glow discharge environment of the a- 
Si deposition process. The front TCO electrode commonly wed in superstrate a-Si devices is 
textured SnO$ deposited bq APCVD. Recently, Zn0:F deposited by APCVD and Zn0:B 
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deposited by LPCVD have been reported to be more transparent and more stable in the glow 
discharge environment [306], but to have a problematic electrical contact with the p-type a-SiC:H 
[307, 3081. 

The primary purpose of the present paper is to evaluate the effect of a number of textured SnO, and 
ZnO substrates on the current generation in a-Si solar cells. This work is relevant since most of 
these TCOs have been used by others for a-Si device research or module fabrication. 

3.3.1.2 Experimental Approach 

Four SnO, films and three ZnO films were chosen for the present study. The TCOs are 
designated by the material and their haze. Samples SnO,: 14%, Sn0,:7%, Sn0,:2%, ZnO:S%a and 
ZnO:5%b were obtained from commercial vendors or a-Si industrial sources and have been used 
for a-Si module fabrication. Note that there are 2 Zn0:B samples with 5% haze. Sample SnO,:l% 
was included in this study since it was nearly specular to obtain a lower limit to the generation 
without optical enhancement. Sample Zn0:6% was deposited at Harvard University [309]. All 
films were fully characterized as to their physical, electrical and optical properties. Surface 
topographies and thicknesses were determined by Scanning Electron Microscopy. Film 
thicknesses obtained by profilometric methods were in good agreement. Resistivities, carrier 
densities and mobilities were measured by four point probe and Hall effect methods. Optical 
absorption was measured by the index matching liquid [301] method in a spectrophotometer fitted 
with an integrating sphere. The haze was calculated from the ratio of diffuse to total transmission 
at 700 nm. 

a-Si p-i-n devices were deposited in a standard PECVD system keeping all deposition parameters 
constant. Prior to each deposition, TCO substrates were cleaned in methanol and baked under 
vacuum for 1 hour at 225°C since exposure to T>225"C increases the resistivity of LPCVD ZnO 
[306]. Standard cleaning in ultrasonic water bath was foundJo damage the LPCVD Znp films. 
The device stxycture chosen for the gresent study was: 200 A a-SiC:H(B) p-layer /150A a-SiC:H 
buffer/ 3500 A a-Si:H i-layer / 500 A a-Si:H(P) n-layer. The p-layer bandgap was about 1.96 eV. 
These conditions do not give the highest efficiencies but permit Fore reliable device comparison 
and analysis. For example, the present p-layer thickness of 200A results in low J,, but minimizes 
problems associated with incomplete p-layer coverage, shunting and low V,, in the highly textured 
TCOs [0310]. Four devices were made on each substrate by the e-beam deposition of four 0.4 cm2 
Ti ( 25A ) / Ag ( 5000 A ) contacts. All the devices were characterized by J-V measurements under 
an AM1.5 Oriel simulator calibrated to 100 mW/cm2, and by quantum efficiency measurements at - 
1 V bias. 

3.3.1.3 Results 

Table 3-5 lists of the TCOs used in the present study along with their respective deposition 
methods and physical characteristics and their SEM micrographs are shown in Figure 3-6. The 
two Sn02:F samples shown have large well-formed grains with angular facets. Grain sizes are 
similar. Compared to SnO,: 14%, Sn02:7% had half the haze but greater variation in surface 
topology, with occasional spikes protuding from the surface. Sn02:2% has two sizes of grains, 
but lower haze due to the lower average grain size. ZnO:5%a and ZnO:S%b were deposited by a 
low temperature (d50°C) LPCVD process while Zn0:6% was deposited by a high temperature 
(A00"C) APCVD process. Note the significant difference in grain shape and size. The LPCVD 
ZnO has faceted pyramidal grains while the APCVD ZnO had small blunt rounded grains, yet all 
three ZnO had similar haze values. 
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Table 3-5 List of TCOs and their physical characteristics 

SnO,: 14% 

ZnOS%a 
Figure 3-6 SEM microgi-aphs of 7 TCO samples designated by (TCO material: 
haze) 

Table 3-6 gives the electrical and optical characteristics. With the exception of Sn02:2%, all the 
TCOs have electrical properties which are similar within a factor of 2: resistivities between 
1-2~10'~ a-cm, electron concentrations between 1 - 2 ~ 1 0 ~  and Hall mobilities from 18 to 
38 cm2Ns. The absorption (kt 550 nm for the 3 ZnO films is, lower than for the 3 SnO, films of 
comparable resistivity. This confirms the higher transmission for ZnO over SnO, is achieved 
regardless of the source of the ZnO, despite the fact that the 3 ZnO films are thicker than the 3 
SnO,. The figure of merit [311] is the inverse of the product of'the absorption at 550 nm and RSH, 
or l/(R,*A). This is an approximately thickness independent indication of the quality of the TCO 
for a-Si solar cell applicatians: higher values refer to higher film quality. Based on this evaluation 
all the ZnO films would make better front TCOs for a-Si devices because they have lower 
absorption at the same sheet resistance. 
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Table 3-6 Electrical and optical characteristics of the TCOs. 

Table 3-7 J-V performance results, QE(-1V) and IQE(-lV) over the AM1.5 global 
spectrum 

Table 3-7 gives the cell J-V performance and the QE data for devices made with TCOs analyzed 
above. Results shown in this table are for comparison only and do not correspond, as stated 
earlier, to results which might be expected by optimizing for each TCO. In general, the high FF (at 
least on the SnO, devices) indicates a high quality a-Si i-layer and interfaces. Trends in these 
results are representative of other device runs we have made on these TCOs with varying i-layer 
thickness. First, comparing the SnO, pieces, note that increasing haze from 1 to 7% increased J,, 
by 0.6 mA/cm2 but increasing haze from 7 to 14% had no effect on JsC The QE at 700 nm, which 
is strongly influenced by increased scattering, increases from 0.25 to 0.29 with haze increasing 
from 1 to 7% but does not increase further with a haze of 14%. The effect of haze on the short 
wavelength QE is related to the front surface reflection (R) which decreases as haze increases due 
to increased light scattering [303,312]. The device on low haze SnO,: 1%, had higher reflection 

wavelengths because it is the only TCO on standard soda-lime glass. All other TCOs are on less 
absorbing low iron soda-lime glass. Finally, Sn0,:7% always has significantly lower V,, but 
slightly higher FF than the other SnO, pieces. As mentioned above, Sn0,:7% had surface features 
with greater peak-to-valley heights than the other TC0s.I It also exhibited unstable J-V behavior in 
reverse bias, consistent with a texture-related shunting mechanism [310]. Comparing the ZnO 
results, it is interesting that ZnO:S%a and ZnO:5%b, both LPCVD ZnO, give very different V, 
and FF, yet had nearly identical surface structure and optoelectronic properties (Table 3-5 andTable 
3-6). ZnO:S%a always gives much lower V,, and only moderately lower FF, while ZnO:S%b 
gives typical V, but much poorer FF. The lower FF for ZnO:S%b is related to series resistance in 
the device. Thus, bulk TCO properties are not always good indicators of device performance. 

I losses at 450 nm consistent with its lower QE. Second, Sn0,:2% has a lower J,, and QE at all 
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Behavior from Zn0:6%, the APCVD ZnO, is much worse $or reasons which are not clear but are 
consistent with previous results [3 1 13. Comparing the best devices on ZnO to the best devices on 
SnO,, the gain in current generation (integrated QE) with ZnO is about 0.6 mA/cm2, as expected 
based on calculations [306]. The lower V, and FF for ZnC) are also consistent with reports of 
higher contact resistance at the ZnOlp interface [307]. 

3.3.1.3.1 Impact of improved generation with ZmiO on multijunction solar cells 

It is well known that multijunction a-Si solar cells are required to meet performance and stability 
goals [3 131. To investigate tie potential benefits of ZnO in a multijunction device, we have 
calculated the i-layer thicknesses needed to give 8 mA/cm2 current generation (AM1.5 global) in 
each cell of a triple junction device for SnO, or ZnO front TCO window layers. Calculations used 
absorption data from USSC [3 141 for 1.80 eV top cell, 1.60 middle cell, and 1.42 bottom cell. 
Absorption losses in doped ;) and n-layers as well as front reflection loss of 8% were included. 
The bottom cell was assumed to have the benefits of mild optical enhancement due to the back 
reflector, represented by a doubling of optical pathlength and a rear reflectivity of 0.9. The 
transmission of Sn02:7% was used for SnO, and ZnO:S%a for ZnO. 

Figure 3-7 shows the QE and TCO transmission. The i-layea thicknesses for the devices with 
SnO, or ZnO are shown in Table 3-8. The primary advantage of ZnO in such a tripie junctiono 
device is a 27% reduction in the low bandgap a-SiGe i-layer thickness, from 3400 A to 2500 A. 
The middle bandgap cell can be thinner as well. Together, this will improve stability, reduce costs 
(GeH, is very expensive) and reduce deposition time. Thus., the greatest benefit of the increased 
generation possible with ZnO compared to SnO, is related to the stability and manufacturing costs, 
not the higher Jsc. 
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Figure 3-7 Calculated QE for triple junction devices having i-layer bandgaps of 
1.8, 1.6, and 1.42 eV with Sn02 or ZnO TCO windows. Thicknesses needed to 
provide 8 mA/cm2 each junction given in Table 3-8. TCO transmission corrected 
for reflection as T/(l-R). 
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Table 3-8 Thickness of top, middle and botom cell i-layers to give 8 mA/cm2 with 
SnO, and ZnO (Figure 3-7) 

TCO matl. top cell middle cell bottom cell 
Sn0,:7% 1400A 3600A 3400A 
ZnO:S%a 1300A 3300A 2500A 

3.3.1.4 Conclusions 

Our results show that in presently available textured ZnO, current generation is about 0.6 mA/cm2 
greater than in textured SnO, for single junction devices. The advantage of using ZnO as a front 
TCO to obtain higher J,, must be balanced with the apparent difficulty in maintaining V, and FF. 
There may be other advantages to using ZnO in multijunction devices since thinner i-layers will 
give the same J,, leading to improved stability and reduced costs. 

3.3.2 TCO Contacts for n-i-p and p-i-n Devices 

3.3.2.1 Introduction 

Transparent conducting oxide (TCO) materials are critical in fabricating thin film solar cells. They 
provide low sheet resistance contacts for lateral current flow while maintaining high transparency. 
TCO materials are used to provide a window layer for the incident illumination at the front of a 
device. In this configuration, they may also serve as an antireflection coating since n,r<n,co<nsc 
where'the index of refraction of the TCO is between that of air (or glass) and that of the 
semiconductor [3 151. They are also used in a-Si solar cells at the back contact as a dielectric buffer 
layer between the a-Si or pc-Si doped contact and the metal contact [3 16-3 191. Additionally, 
TCO's can be textured to provide scattering which increases the optical absorption of weakly 
absorbed light. The two most commonly used TCO materials are indium tin oxide (ITO), and zinc 
oxide (ZnO). Both are degenerate n-type semiconductors which can be optimized to have 
bandgaps greater than 3.3 eV, with absorption less than 10% over the visible spectrum and 
resistivities less than 
ZnO for solar cell applications are chemical vapor deposition, evaporation and sputtering. In this 
paper, the solar cell performance of single junction a-Si devices having sputtered IT0 and ZnO 
contacts are compared. The effect of 0, in the sputter discharge is investigated. Both IT0 and 
ZnO are applied as contacts to substrate type n-i-p devices and superstrate p-i-n devices. The 
impact of the TCO on the optical and electrical performance of both types of devices is presented. 

W-cm [320, 3211. The most common deposition techniques for IT0 and 

3.3.2.2 TCO deposition and Device Fabrication 

TCO materials were r.f. sputtered in Ar or Ar/02 onto unheated substrates of 7059 glass, for 
optical and electrical characterization, or onto a-Si devices. The IT0 target was In,O, mixed with 
9% SnO,. The ZnO target was ZnO mixed with 1 % Al,O,. Nearly optimum film properties were 
found by sputtering the IT0 at 700W and the ZnO at 900W. Deposition rates were approximately 
0.1 pdmin. Sputtering in an Ar/O, mixture improved the transparency of the TCO films with a 
slight loss in resistivity. IT0 and ZnO films were sputtered with and without 0, in the Ar. 0, had 
a negative effect on devices in some cases as discussed below. TCO and Ag contacts were 
deposited through masks onto devices. 
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Two different a-Si device structures were investigated. Substrate type devices with 
stainless steelh-i-p/TCO configuration were deposited by ECD. The p-layer was pc-Si. These 
devices were intended to duplicate the top cell of a triple junction device. Therefore, they lacked 
any optical enhancement such as texture or a back reflector, and the i-layer was very thin (<0.1 
pm). The J,, from these cells was around 8 mA/cm2 as required for a top cell [322]. Superstrate 
type devices with glass/SnOJp-i-n/TCO/Ag structure were deposited at EC.  The SnO, (Asahi 
type U) was textured. The i-layers were 0.5 pm thick. The p-i-n cells had a-Sic p-layers and C 
graded buffers between the 13 and i-layers. Otherwise identical devices with a-Si or pc-Si n-layers 
were deposited for this study. The pc-Si n-layer was deposited at high hydrogen dilution (H,:SiH4 
of 100: 1) and higher power and pressure than the a-Si layer. The high conductivity (1 Skm) and 
low activation energy (0.05 =V) confirm the microcrystalline: nature of the n-layer. After sputtering 
TCO on the p-i-n cells, a 0.6 pm Ag layer was evaporated through the same mask for a low 
resistance highly reflective T.TCO/Ag contact. Cells were 0.4 cm2 in area. Current voltage 
measurements were made with AM 1.5 global illumination from an Oriel simulator at 28" C. 

3.3.2.3 TCO Material Properties 

TCO layers were sputtered over a range of rf power and oxygen partial pressure. Optimum IT0 
and ZnO film properties we -e obtained at 700 W and 900 Wr with 0.9 and 0.1 % 0, in Ar, 
respectively. Table 3-9 shows the thickness D, sheet resistance Rsq, resistivity, and normalized 
transmission for IT0 and ZriO films deposited with and without 0,. The normalized transmission 
Tn =T/(l-R) was averaged over 400-900 nm. 

The presence of 0, during sputtering has a major impact on the IT0 film properties [320]. The 
IT0 film without 0, was brownish and had high absorption, unsuitable for solar cell applications. 
0, has a much smaller effeci on the ZnO films. Note that the IT0 and ZnO films deposited with 0, 
have the same optical transnussion at the same RSH (see Table 3-9), indicating equivalent thickness 
trade-off between the need f 3r low lateral current carrying resistance losses (thicker TCO) and high 
window layer transparency (thinner TCO). The resistivity of optimized ZnO is 2.5 times higher 
than that of ITO. 

Table 3-9 Sputtered TCO properties 

ZnO 0.4 0.94 
ZnO 20 10 0.96 

3.3.2.4 TCO Contacts on stainless steeVn-i-p/TCO Devices 

IT0 and ZnO were sputtered with and without 0, in the Ar discharge onto the p s i  p-layers of 
sdn-i-p substrates. The a-Si devices were essentially identical since they had been cut out of a 
large area sheet. The TCO films were typically of the thickness range shown in Table 3-9. This 
relatively low sheet resistance allowed the cells to be fabricated without grids since the area was 
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small. However, thinner TCO films (-70 nm) are typically used in this application primarily for 
their AR effect. 

Results are shown in Table 3-10. The most important observation is that devices with IT0 have 
higher FF than devices with ZnO. The decrease in FF is accompanied by an increase in resistance 
Roc which is dV/dJ at Voc. Figure 3-8 shows the reduced FF for devices with ZnO is due to 
curvature near V,, (Le. increasing R,,), suggesting a second junction opposing the n-i-p cell. 
Table 3-10 shows that the effect of sputtering in an 0, atmosphere is quite different between IT0 
and ZnO. Adding 0, during IT0 sputtering increases Jsc, as expected from the difference in Tn in 
Table 3-9, but has no effect on V,, or FF. Adding 0, during ZnO sputtering reduces V, and FF 
but has no effect on Jsc. 

Table 3-10 Performance of stainless steel/n-i-p/TCO devices with IT0 or ZnO 
contacts 

TCO TCO RSH voc Jsc FF Gc Eff. 
process (Wsq) (v) (mA/cm2> (%) (sL-cm2) (%) 

IT0 nom. 35 0.844 7.3 66.0 14 4.1 - 
IT0 02 19 0.860 8.3 65.1 13 4.6 
ZnO no@ 15 0.840 8.4 60.0 26 4.4 
ZnO 02 20 0.750 8.5 52.2 39 3.3 

- IT0 with O2 

ZnO with 0, 
5 ZnO without 0, 
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N 
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Figure 3-8 J-V curves for stainless steel/n-i-p/TCO devices with IT0  or ZnO 
contacts. Cell performance is shown in Table 3-10 

3.3 2 . 5  TCO Contacts on glass/SnO,/p-i-n/TCO/Ag Devices 

Superstrate devices were deposited on glasshextured SnO, substrates. Four devices were 
deposited with pc-Si n-layers in one run and four with a-Si n-layers the following run. ZnO was 
sputtered with or without 0, and IT0 was sputtered with 0, on both types of devices through a 
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mask. Ag was evaporated through a mask on all TCO layers. For comparison, Ti/Ag contacts 
were also evaporated on bot.1 types of devices. 

Results with pc-Si and a-Si 11-layers with all four types of contacts are shown in Table 3-1 1. 
Devices with the Ti/Ag metal contacts had FF-70% for both a-Si and pc-Si n-layers. However, 
for all three TCO/Ag contacl s, the pc-Si n-layer had higher EF than the a-Si n-layer. The pc-Si n- 
layer also had higher V,, and Jsc. The higher V,, with the pc-Si n-layer suggests better pinning 
of the Fermi level which increases the built-in voltage. The Ipc-Si n-layer increases Js, by - 0.5 
mA/cm2 for Ti/Ag contacts and by -1 mA/cm2 with TCO/Ag contacts. Both IT0 and ZnO give 
comparable FF on pc-Si n-layers (FF-68-69%) with or withlout O,, but ZnO gives higher V, and 
JSC. 

Table 3-11 Cell performance of glass/Sn02/p-i-n/TCO/Ag devices with either a-Si 
or pc-Si n-layers. 

Figure 3-9 shows that sputtering IT0 or ZnO with 0, on an a-Si n-layer gives curvature at V,,, 
suggesting a second junction. This curvature is not present on the pc-Si n-layers as shown in 
Figure 3-9. Comparing Figure 3-9 with Table 3-1 1, the large values of R, on these devices are 
indicative of curvature around V,, and the possible formation of a second junction. 

The effect of sputtering ZnO with or without 0, is shown in Figure 3-10. Sputtering ZnO with 0, 
onto an a-Si n-layer gives strong curvature around V,, and low FF (52.0%), where as sputtering 
without 0, gives less curvatu re, and a higher FF (62.6%). Sputtering with 0, onto a pc-Si n-layer 
gives no evidence of a second junction, with FF=67.8%. 
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Figure 3-9 J-V curves for glass/SnO,/p-i-n/TCO/Ag devices with a-Si or yc-Si n- 
layers. I T 0  and ZnO were sputtered with 0,. Cell performance is shown in 
Table 3-11. 
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Figure 3-10 J-V curves for glass/SnO,/p-i-n/ZnO/Ag devices showing the effect 
of sputtering with or without 0, on a-Si or yc-Si n-layers. Solar cell 
performance is shown in Table 3-11. 

3.3.2.6 Discussion and Conclusions 

We found poor FF and evidence for a second junction with ZnOlp contacts on n-i-p devices. 
Although this is the first time such behavior has been reported for the n-i-p device structure, poor 
electrical contacts leading to low FF have been observed in glass/ZnO/p-i-n devices deposited on a 
glass/ZnO substrate [301,323, 3243. In the p-i-n structure, the ZnO was typically deposited by 
APCVD or LPCVD, and the p-layer, typically a-Sic, is grown on the ZnO at 150-250°C. In our 
work, the ZnO is sputtered onto an unheated pc-Si p-layer, which has much higher conductivity 
than the a-Sic layer. Yet, the two device structures exhibit the same problem, despite the fact that 
the ZnO, the p-layer, and ZnO/p contact are formed from very different conditions. This strongly 
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suggests that the ZnO/p contact is fundamentally a poor ohnlic contact. We speculate that an oxide 
layer may contribute to this problem since sputtering ZnO in 0, gave much poorer FF than with no 
0, yet the bulk resistivity of ZnO with 0, is only a factor of 2 higher. There is no technical reason 
to switch from the standard IT0 contact to ZnO for n-i-p devices in view of the poorer contact. 
However, re-optimization of the pc-Si p-layer with ZnO instead of IT0 may improve the contact. 

Regarding the p-i-n devices, we found significant differences between a-Si or yc-Si n-layers. The 
a-Si n-layer is more absorbing than the pc-Si layer. The larger improvement in J,, for TCO/Ag 
with the less absorbing pc-S n-layer is consistent with increased multiple reflections and higher 
back reflection for the TCOl Ag contact compared to TilAg. As optical enhancement and light 
trapping in the device improves, it becomes more crucial to reduce parasitic absorption at contacts 
and interfaces. 

Table 3-1 1 and Figure 3-9 aso clearly show the improved electrical contact properties with a pc-Si 
n-layer compared to an a-Si n-layer when contacted with either IT0 or ZnO. These results are 
consistent with those of Hayashi et al[319] who investigated ZnO/Al or Al contacts on a-Si or pc- 
Si n-layers and found poorest FF with ZnO/AI on an a-Si n-layer. 

The effect of sputtering ZnCk with or without 0, is quite difkrent between n-i-p and p-i-n cells. 
Sputtering ZnO onto yc-Si r -layers in p-i-n cells gave equivalent device results with or without 0,, 
whereas sputtering ZnO with 0, was clearly detrimental in clontacting pc-Si p-layers in n-i-p 
devices. 

Barriers between TCO and doped [325,326] or undoped [325,327] a-Si layers have been 
previously reported. Howek er, those interfaces were formeld by depositing the a-Si onto the TCO 
in order to study the interaction between the plasma and the K O ,  and subsequent metallic 
Schottky barrier formation. In our study, the TCO was sputtered onto the a-Si, which eliminates 
the question of TCO reduction and Schottky barrier formatioln. It is unclear that previous results 
for the TCO/a-Si interface [f 25-3271 apply to our a-SflCO contacts. Computer modeling of p-i- 
dZn0 devices [328] suggesl s that very thin n-layers (a few nanometers) will improve FF and V,. 
This is about 10 times thinner than typical n-layers, as we used in our devices. Among ZnO, 
ITO, and SnO,, ZnO has the lowest work function difference with n-type a-Si [328]. Thus, ZnO 
should have a negligible banier with the a-Si n-layer and effectively pin the Fermi energy. 
However, the model results lind a very thin n-layer remains iiecessary to compensate for the 
negative interface space charge. In contrast to the modeling results [328], experimental results 
[3 181 showed a better FF with ZnO by increasing the n-layer thickness 3 times greater than their 
standard thickness for metal :ontacts. Clearly, the a-Silsputtered TCO contact needs further study 
to understand the fundamental junction and contact properties. 

Regarding sputtered TCO contacts for a-Si devices, we conclude: 1) IT0 is a better top contact for 
pc-Si p-layers in stainless steel/n-i-p/TCO devices than ZnO;; 2) ZnO sputtered with or without 0, 
is a better back contact compared to IT0 for pc-Si n-layers for p-i-n/TCO/Ag devices; 3) ZnO 
sputtered with 0, is detrimental to obtaining a low resistance contact to pc-Si p-layers and a-Si n- 
layers but has little effect on contacting pc-Si n-layers. 
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3.3.3 Analysis of Optical Enhancement Using a Detachable Back Reflector 

3.3.3.1 Introduction 

Analyzing the optical enhancement in a-Si solar cells is a challenging problem for both superstrate 
(glass/TCO/p-i-nBR) and substrate (SSlsWn-i-p/TCO) device structures where BR is the back 
reflector, TCO is a transparent conductive oxide and S S  is the stainless steel substrate. Typically, 
in a superstrate device the front TCO provides the texture and the rear BR provides reflectivity, 
while in the substrate device the BR provides both texture and reflectivity. The BR increases short 
circuit current (JSJ and red response by reflecting and scattering (if textured) weakly absorbed 
photons. This increases their optical pathlength. The theoretical maximum for the enhancement in 
pathlength is m-60 [329] but this decreases rapidly with parasitic absorption in the device. Gains 
of m=2-5 in optical pathlength have been obtained experimentally [330,33 13 suggesting parasitic 
absorption losses exceeding 25% [329]. Despite considerable analysis, BR enhancement and 
parasitic losses are not well understood [332,333]. We have studied optical enhancement in a-Si 
n-i-p solar cells with detachable BRs by separating the effects of substrate texture, BR texture, and 
BR reflectivity. Detachable BRs have been previously used to study optical enhancements and 
were reported to have less parasitic losses than integral BRs [329]. 

3.3.3.2 Device Structures 

Substrates were glass with TCO layers having haze at 700 nm of 0, 1,5 and 14%. The smooth 
TCO (0% haze) was sputtered ZnO, the TCO with 5% haze was LPCVD ZnO, and the TCO with 1 
and 14% haze were APCVD Sn02 [332]. Single junction a-Si n-i-p devices with -0.25 um i- 
layers were deposited by glow discharge at ECD having a device structure: ITO/p-i-n/TCO/glass. 
For comparison, devices were codeposited on SS and textured ZnO/Ag/SS [334], which are 
standard substrates for the n-i-p device configuration. Reflection (R), transmission (T), quantum 
efficiency (QE), and J,, (AM1.5 global) were measured for illumination through the IT0 (front) 
and the glass (rear) sides. QE was measured at - lV to minimize collection losses. Then, a smooth 
Ag BR (Ag film evaporated on glass) or textured Ag BR (Ag film evaporated on the 14% haze 
Sn02) was optically coupled to the glass substrate with an index matching coupling liquid having 
n=l.5, giving a removable external Ag BR (Figure 3-1 1). This allowed measurements of three 
different BR (no Ag, smooth Ag, or textured Ag) on the same device sample, without changing the 
device structure or substrate texture. 

I 

TCO - 
Glass - 

T e r n r e d K O  - 
I B'R- 

Glass - 
Figure 3-11 ITO/p-i-n/TCO/glass device on textured TCO substrate with external 
BR and coupling liquid. 
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3.3.3.3 Results 

haze 

0% 
1% 
5% 
14% 
ECD 

Figure 3-12 shows the QE for light through the ITO/p front contact for the four different 
TCO/glass substrates withoL t any Ag BR. Note the large improvement in red QE as haze increases 
from 0 to 5%, but there was no further gain in red QE for haze above 5%. Table 3-12 lists Jsc and 
QE at 700 nm for the devices before and after applying the external smooth Ag BR, c o n f i n g  the 
limited increase in J, for hace greater than 5%. Similar conclusions have been reached for 
superstrate p-i-n devices [303,335]. Devices on ECDs ZnCYAg BR had slightly higher J,, than 
the 14% textured TCO with 4g BR. The J,, and QE are very similar and low for the devices on 
smooth ZnO and on S S ,  indicating very little reflection or optical enhancement for either. Also 
note that the smooth Ag BR increases the QE at 700 nm by -0.1 for all textured devices but has a 
much smaller effect on the smooth device (0% haze). Figure 3-12 and Table 3-12 indicate a 
significant increase in optical enhancement with even 1% haze over a smooth substrate. For 
example, with the smooth Ag BR, the substrate with 1 % haze TCO provides over half of the gain 
in Jsc and QE achieved by the 14% haze substrate. 

J,, (af cm’) Jsc (mA/ cm’) QE@700 nm QE@700 nm 
no Ag BR smooth Ag BR no Ag BR smooth Ag BR 
11.6 13.0 0.05 0.07 
12.5 14.1 0.12 0.22 
13.7 14.7 0.22 0.32 
13.9 15.1 0.212 0.32 
11.3 (SS) 15.5 (ZnO/Ag) 0.04 0.39 

- -l%haze 

- 14% haze 

400 500 600 700 
wavelength (nm) 

Figure 3-12 QE for devices on textured TCO substrates with different haze (no 
back reflector). 

Table 3-12 J,, and QE for devices of Figure 3-12 without and with a smooth 
external Ag BR. Devices deposited on ECD’s standard n-i-p stainless steel 
substrates (no BR) and textured ZnO/Ag/stainless steel (BR) shown for 
comparison. 

Figure 3-13 shows the QE at - 1V with different external back reflectors for devices having the least 
(0%) and greatest (14%) haze Since the BRs were externally coupled, they only increase 
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reflection and/or scattering of weakly absorbed light but do not affect the a-Si surface texture, 
substrate or n/TCO reflectivity. This is a unique feature of these devices. Enhanced QE with the 
optically coupled smooth Ag BR was equivalent to that found by evaporating an Ag fdm directly 
on the back of the glass substrate, indicating no additional losses associated with the coupling of 
the external BR. Table 3-13 shows J,, both absolute and normalized to the smooth TCO without 
an Ag BR (1 1.6 mA/ cm2), along with the QE, and total reflection and transmission all at 700 nm. 
The device with 0% haze shows that J,, increases by 12% with the external smooth Ag BR and 
15% with the external textured Ag BR. Thus, most of the increase occurs due to increased 
reflectivity of the smooth Ag. The texture of the BR has a smaller impact than the reflectivity of 
the BR. The reflection at 700 nm for the device with 0% haze increases substantially, by -0.20, 
with either the smooth or textured Ag BR, yet the QE only increases by 0.02 or 0.06, 
respectively. Thus, at most one tenth of the light transmitted through the smooth device at 700 nm 
is captured when an Ag BR applied. 

400 500 600 700 
wavelength (nm) 

Figure 3-13 QE for devices on smooth and textured TCO with no BR, smooth Ag 
BR, and textured Ag BR. QE for device on textured TCO with textured BR was 
same as for smooth BR (solid circles), hence not shown. 

Table 3-13 J,, data for devices of Figure 3-13 with 0 and 14 % haze and different 
Ag BRs. Note: (the J,, ratio is the ratio with and without a BR). 

Haze externalBR J,, (mA/ J,, ratio QE T R 
cm2) @700nm @700nm @700n~.n 

0% none 11.6 1 .oo 0.05 0.52 0.27 
smoothAg 13.0 1.12 0.07 0 0.46 
text. Ag 13.3 1.15 0.11 0 0.48 

14% none 13.9 1.20 0.22 0.20 0.15 
smoothAg 15.0 1.30 0.32 0 0.18 
text. Ag 15.0 1.30 0.32 0 0.18 

Instead, a much larger fraction of the previously transmitted light escapes the device by reflection 
from the front. Regarding the device on the textured substrate (14% haze), J,, increases by 20% 
without any BR compared to the smooth substrate. Either the smooth or textured rear Ag BR gives 
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an additional 10% increase in Jsc for the device on the textured substrate. With the BR, half of the 
light transmitted through thc textured device at 700 nm without the BR is absorbed and contributes 
to increased QE (from 0.22 to 0.32). Thus, a textured substrate without a BR, even though 
transparent, is much more e Ffective at light trapping than a textured Ag BR on a smooth device. 
This suggests that the replics.tion of the substrate texture on the top a-Si surface is crucial to 
enhance multiple scattering lrom the underlying substrate. 

Comparing the total and diffuse reflection, shown in Figure 3-14 and 5, can give further insight to 
the QE results of Figure 3-12. The total reflection for the device on the smooth TCO substrate with 
either no BR or the smooth Ag BR (Figure 3-14) shows strong interference beyond 600 nm, and 
negligible diffuse reflection :<0.04), as expected for a smooth device and smooth BR. 
Interference effects would be expected for a device deposited1 on a smooth integral Ag BR (p-i- 
n/Ag/glass). The smooth or textured Ag BR causes a significant increase in the red reflection, but 
little increase in red QE (Table 3-13). Figure 3-15 shows thar a device on a textured substrate has 
identical total or diffuse reffeztion with either the smooth or textured Ag BR. There is no additional 
diffuse reflection with a textured substrate having a textured BR nor was there any increase in J,, 
or QE (Table 3-13). Note that the reflection between 400-500 nm is lower for the device on the 
textured substrate (Figure 3-1 5) compared to the device on the smooth substrate. The QE in this 
region is higher for the device on the textured substrate as expected (Figure 3-13). The textured 
substrate produces a textured front surface, which has lower r;otal reflection but much higher 
diffuse reflection compared to a smooth device. This has also been found for p-i-n devices in the 
superstrate configuration [336]. Thus, devices on textured substrates have higher QE in the blue 
due to lower front surface spc cular reflection, and higher QE in the red due to enhanced light 
trapping and lower rear specular reflection. 

,*no 63, tota I R - 0-  noW,diffuseR 
.&smAg, total R 
- d - sm Ag, difus? R 

teared deirce (14% haze) 

400 500 600 700 
wavelength (nm) 

Figure 3-14 Total and diffuse reflection from front ITO/p surface for device on 
smooth TCO (0% haze) with no BR, smooth BR, arid textured BR. 
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Figure 3-15 Total and diffuse reflection from front ITO/p surface for device on 
textured TCO (14% haze) with no BR, smooth BR, and textured BR. 

3.3.3.3.1 Effect of Illumination Direction (n-i-p vs. p-i-n) 

QE was also measured through the glass side on devices without any Ag BR. Figure 3-16 
compares the QE through the front ITO/p contact and through the rear glasdtextured TCO contact 
for the most textured (14% haze) device. The QE beyond 600 nm was the same through the glass 
side as through the ITO. This was true for devices with 1% and 5% haze as well. Thus, 
superstrate p-i-n and substrate n-i-p devices can achieve equivalent optical enhancement from a 
given textured substrate, before application of a Ag BR, in agreement with [337]. 

ITO/p-i-n/TCO/glass - 
device with textured TCO 

1 - - - - . -  - _ - . - - . - . - - - _ . - . - - . . . - - . . _ - - ,  

-through ITO/p 

- -through glass/Sn02/n 
0.2 - 

400 500 600 700 
w aveleng& (n m) 

Figure 3-16 QE for device on textured (14% haze) TCO through ITO/p and 
glass/TCO/n sides, no BR. 
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3.3.3.4 Discussion and Conclusions 

The effect of substrate and BR texture and BR reflectivity on optical enhancement has been 
analyzed and separated in ITO/p-i-Idtextured TCO/glass devices with a range of substrate texture. 
There is negligible increase in J,, and red response for haze greater than 5%, in agreement with 
studies on superstrate p-i-n devices. A textured substrate is significantly more effective at 
increasing red response than a smooth substrate with external textured Ag BR. Devices on smooth 
substrates with a textured Ag reflector have much higher specular reflection losses than devices on 
textured substrates with smooth Ag reflectors. Applying the external BR to a device on a smooth 
substrate increases the red QE only slightly. Instead, the reflection of red light escaping the front 
surface after being reflected iit the BR increases due to incomplete internal reflection. Textured 
substrates have lower front reflection losses and hence higher blue response, thus having higher 
QE at all wavelengths. Then: appears to be no advantage to having a highly textured BR in 
addition to a separate highly textured substrate. These results have direct consequences for designs 
which propose to improve stability by depositing very thin devices on smooth substrates, to avoid 
shunting problems, and achieve optical enhancement with an external textured BR as studied here. 
Such devices will have inefficient light trapping and reduced Jsc compared to a device on a textured 
substrate, independent of whether they are a superstrate or substrate configuration. 

3.4 J-V ANALYSIS OF’ SINGLE AND MULTIJUNCTION SOLAR CELLS 

3.4.1 Introduction 

To first order, the main difference between amorphous silicori (a-Si) p-i-n solar cells and crystalline 
silicon (c-Si) or other thin film polycrystalline p-n solar cells is that a-Si depends almost exclusively on 
field aided drift rather than dihsion of minority carriers to collect the photocurrent [338,339]. Since 
the diffusion length is a thousand times smaller in a-Si compared to c-Si (-0.1 pm vs -100 pm), a-Si 
solar cells are designed to establish a high field region in the i-layer to sweep photocaniers to the 
contacts before they recombir e. The electric field in the i-layer is strongly dependent on the voltage 
bias across the device which makes the photocurrent collection dependent on the operating bias of the 
cell. This well-known effect complicates the J-V analysis since superposition is invalid and presents a 
limitation to performance of a-Si compared to other solar cell technologies [339]. Field dependent 
collection reduces photocurrent collection at forward bias, which primarily reduces the fill factor of the 
solar cell. The J-V curve will appear to have a voltage dependent shunt loss. 

Numerical modeling and anal ysis of a-Si solar cells [340-3431 typically requires a large number of 
material and physical parameters as input. Although such modeling provides detailed insight into the 
microscopic behavior of a-Si devices, many of the required material parameters are experimentally 
inaccessible or imperfectly known. There is not a unique relalion between input parameters and solar 
cell performance. Thus, it is cjfficult to link the numerical moldel results to measurable device 
performance due the complex. ty of the models and uncertainty in the input parameters. While progress 
in refining these numerical models continues, a simple but accurate model with a few parameters 
closely connected to measurable data would be useful for practical device analysis and for giving 
physical insight. 

We have previously shown [344] a method to analyze experimental a-Si J-V curves in light and dark to 
obtain six parameters completdy characterizing the illuminated junction. The parameter c, the ratio 
of field driven collection length (L,) to i-layer thickness (D) at zero volts bias, and the flat band voltage 

L 
D 

(V,) have the dominant influence on the illuminated cell perfoirmance. - LC represents the i-layer 
D 
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quality related to the field dependent collection. In this paper, we show that this simple model is in 
excellent agreement with measured J-V curves for a wide range of single junction devices and 
conditions, including p-i-n and n-i-p cells on smooth and textured substrates, cells with a-Si and 
a-SiGe i-layers, in initial and stabilized states, and under AM1.5 or red or blue filtered light. After 
establishing the validity of the model, the influence of the device parameters on solar cell performance 
and limitations in existing devices are explored. 

3.4.2 Device samples and J-V measurements 

The single junction a-Si and a-SiGe devices which were analyzed were deposited by plasma CVD 
at five different laboratories. Since there was no distinctive behavior between any devices based 
on their source, they will not be identified. Devices had either superstrate (glass/textured 
SnOJp-i-dback contact) or substrate (stainless steelhack contactln-i-p/lTO) configurations. Back 
contacts were either Al, Ag, ZnO/Ag, or TUAg. The i-layers ranged from 0.08 to 0.60 pm thick. 
The superstrate devices had a-Sic p-layers while the substrate devices had mc-Si p-layers. All 
cells were measured at room temperature (2528°C) with illumination from an Oriel simulator at 1 
sun (AM1.5, 100 mW/cm*). Select devices were measured at lower intensity with either neutral 
density filters or color filters having blue (Corning #5-56, k 5 5 0  nm) or red (Corning #2-62, 
b610 nm) transmission. Some devices were exposed to prolonged illumination (100-600 hrs) to 
study the effect of light soaking. a-Si devices were light soaked under white light at 1 sun intensity 
while a-SiGe devices were light soaked under red filtered light (b610 nm) to represent their light 
exposure in a multijunction cell structure. The red filter reduced the intensity and generation to 
about one third of the unfiltered values. 

3.4.2.1 Analysis: the model 

The analysis is based on applying established models of a-Si material and device behavior. 
Applicability of these models will be tested by comparison to experimental J-V data. The light- 
generated photocurrent is analyzed by applying a model [345] which assumes a spatially uniform 
field F(V). Under weakly absorbed (red) light leading to uniform carrier generation, the 
photocanier transport occurs by field assisted drift since there is little diffusion. This model has 
been used to study transport in a-Si p-i-n devices using weakly absorbed light [345,346]. It has 
also been applied to measurements under strongly absorbed (blue) light to analyze the effect of 
interface layers [347], and separating hole and electron transport using bifacial illumination in a-Si 
[348] and a-SiGe [349] p-i-n devices. In this work, we evaluate the applicability of this model to 
solar cells under AM 1.5 illumination. 

The net (measured) current through the device is: 

Equation 3-1 

J,(V) is the forward bias diode current and JL(V) is the photocurrent, which opposes JD(V). We 
assume that JD(V) is independent of light intensity, i.e. values determined in the dark can be used 
to represent the forward diode current under illumination. This assumption will be verified in 
Section 3.4.2.3 by comparing J(V) and JL(V) curves measured at different intensities. The diode 
current is given by the standard expression: 

55 



JD(V> = Jo[ e$ - 1) 

Equation 3-2 

where the junction voltage V is corrected for series resistance as: 

V,=V-RJ  

Equation 3-3 

Experimental methods of dett:nnining series resistance R, diode factor A, and recombination 
current J, from dark J-V data will be shown in Section 3.4.2.2. The physical origin and 
temperature dependence of J,, and A are discussed further in Section 3.4.2.3. 

The photocurrent JL(V) in a-S i solar cells decreases with increasing bias because of the reduction in 
the internal electric field. The uniform field 

Equation 3-4 

goes to 0 when the junction voltage Vj equals the flat band voltage V,. Experimentally, V, is 
obtained, after accounting for series resistance, from the volta.ge at which the J(V) and JJV) 
curves cross, or are of equal magnitude, so that JL(V)=O at V:=V,. In comparison, V,, is the 
voltage at which J=O. 

Crandall E3451 derived an expression for J,(V) as: 

Equation 3-5 

where JLo is the saturated (optjcally limited) photocurrent at far reverse bias, and the bias dependent 
collection efficiency h(Vj) is: 

h(Vj)=x(l-e:) 

Equation 3-6 

with 
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Equation 3-7 

and: 

Equation 3-8 

vfb where F, = - is the field at zero applied bias. The collection length Lc is the mean distance a 

carrier drifts in the field before being trapped or collected. At low fields or low p.7, the 
photocurrent is linear with field (Le. ohmic), while at large fields or large pt, the photocurrent 
saturates at J,. Applying Equation 3-5 -> Equation 3-8 to measured J-V curves will be the focus 
of this work. 

The effect of voltage dependent photocurrent collection is illustrated in Figure 3-17 for two cases: 

D 

- Lc = 10 corresponding to a typical a-Si device; and = 00 corresponding to an "ideal" solar 
D D 

cell, defined here as one with no bias dependent photocurrent collection. The other parameters 
used to calculate the J-V curves in Figure 3-17 were: J,=10-9 mA/ cm2, A=1.8, R=O, J,=15 
mA/cm2, and V,=0.9 V. With - = 00, the illuminated J-V curve is obtained by superposition of 

the dark forward diode current and the constant light generated current JLo since h(V)= 1 for all 
voltages. The FF is limited by the forward dark current. In contrast, with 
decreases with forward bias and the J-V curve is governed largely by JL(V) as shown in the figure. 
The FF decreases from 82% to 68% as 
(e.g. a-Si solar cell). 

Lc 
D 

= 10, h(V)<l and 
D 

L LC decreases from = (e.g. ideal solar cell) to - = 10 
D D 
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Figure 3-17 Calculated J-V curves showing model lbehavior for ideal (-==) Le 

typical a-Si (-=lo) Lc 

and 
D 

de\ices. J,(V) for the a-Si is shown, and J,(V) for both 
D 

devices. Other parameters given in the text. 

3.4.2.2 Analysis: Applying The Model To Measured Data 

From Equation 3-2 the derivative (z), - providing ~,(v)<<J,,(v), is: 

Equation 3-9 

and the intercept is R, the series resistance. AkT the slope is - When - is plotted against -- 

Figure 3-18 shows - vs. - for an a-Si device M298 @=0..5 pm) and an a-SiGe device #3342 
(D=0.15 pm). Using the value of R from the intercepts in Figpre 3-18, a graph of log JD(V) vs V, 

dV 1 
dJ J D (VI 9 

dV 1 
dJ J 

yields a straight line with slope is 4 and intercept J,, as shown in Figure 3-19. Plotting the 
AkT 
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data against Vj corrects the measured voltage for the series resistance losses. Values of R, A and Jo 
obtained from slopes and intercepts of the data in Figure 3-18 and Figure 3-19 are shown in Table 
3-14 (a-Si device) and Table 3-15 (a-SiGe device). Typically, the parameter A from the two 
different methods agree within +/-5%. Analyzing - vs. - and log J vs. V under illumination 
such that J,(V)>>J,(V) leads to errors since the voltage dependence of J,(V) dominates the voltage 
dependence of J(V) instead of Equation 3-2 and Equation 3-9. 

dV 1 
dJ J 

50 

4 0  

30 

20 

10 
* a-SiGe #3342 

* a-Si #4298 

0 " " " " " " " " " "  
0 0 .2  0.4 0 .6  0 .8  1 

1/J (cm2/mA) 

Figure 3-18 Plot of dV/dJ vs l/J for a-Si and a-SiGe device, from analysis of 
measured dark J-V data. Slope is AkT/q and intercept is R. 
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Figure 3-19 Plot of Log J vs (V-JR) from measured dark J-V data for same two 
devices as in Figure 3-18. Slope gives q/AkT and intercept is J,. 

Table 3-14 Parameters obtained from fitting measured JV curves of a-Si device 
#4298 under AM1.5 illumination light in initial and light soaked state (200 hrs.). 

1-13.6 0.92 20.7 2 
soaked 13.6 0.90 7.0 20 I_ 1 :y.3 iVw IFF IPower 1 

W c m 2  Volts % mW/cm2 
initial 0.859 71.6 8.2 
soaked 12.0 0.837 64.3 6.4 
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Table 3-15 Parameters obtained from fitting measured JV curves of a-SiGe 
device #3342 under AM1.5 illumination and red filtered light in initial and light 
soaked state (200 hrs. red light). 

Zllum. state J,, V, FF Power 

AM1.5 initial 20.1 0.622 59.7 7.0 
mA/cm2 Volts % mW/cm2 

I I I soaked 120.1 10.585 I 55.7 I 6.0 1 
red initial 6.8 0.577 61.1 2.2 

soaked 6.8 0.540 57.7 1.8 

The photocurrent JL(V) is obtained by adding the measured diode current J,(V) in the dark to the 
measured current J-V under illumination as per Equation 3- 1. J, was obtained from the current at 
far reverse bias. The primary fitting parameter, - , was varied until an optimum fit was 
obtained. In practice, V. was sometimes adjusted slightly (-10 mV) from the value determined 
experimentally from the intercept of the light and dark currents in order to improve the fit around 
V,. The fitting criteria was to minimize the sum, over all voltages, of the absolute value of the 
difference between the measured J-V and Equation 3-1 while forcing measured and calculated 
values to agree within &OS% at maximum power. Figure 3-20 shows the measured and calculated 
J-V data under AM1.5 illumination for the a-Si and a-SiGe devices whose dark J-V data were 

Lc 
D 

LC analyzed in Figure 3-1 8 and Figure 3-19. The parameters JLo, V, and - used to calculate JL(V) 

are in Table 3- 14 Table 3- 15 along with the solar cell performance parameters V,, J,,, FF, and 
efficiency. Since measured and calculated performance typically agree within 0.5%, no distinction 
is made between them in the rest of the paper. The good agreement in Figure 3-20 from reverse 
bias to beyond V, indicates that the model can accurately represent all portions of the J-V 
characteristic for both a-Si and a-SiGe solar cells. The close agreement shown in Figure 3-20 was 
typical of most devices analyzed. 

D 
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Figure 3-20 Measured (under AM1.5 light) and calculated J-V for same two 
devices. Calculated values obtained with parameters in Table 3-14 (#4298) and 
Table 3-15 (#3342). 
Voc, J,, and FF are also shown in Table 3-14 and Table 3-15. 

Agireement was within 0.2 mA/cm2 from reverse bias to V,,, 

3.4.2.3 Assumptions, approximations and limitations of the model 

It was assumed that the forward bias diode current J,(V) was independent of illumination so that 
J(V) can be separated algebraically into a JJV) term and a JJV) term. The assumption is 
necessary because J,(V) was obtained at different illumination than J(V). This assumption and the 
actual procedure used here of separating J,(V) from J(V) can be verified as follows. Applying 
Equation 3-1 and Equation 3-5 to data measured at two different intensities, and taking the 
difference of the measured currents J,(V) and J2(V) gives: 

Equation 3-10 

where J,(V) is at higher intensity than J2(V). This can be rearranged to give the collection function 
h(V) as follows: 

h(V) = 

Equation 3-11 
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only if the forward current J,(V) is independent of intensity, i.e. J,, (V)= J,, (V). This is how 
- L C  was fit in Figure 3-20, with J,, =O since J2(V) was in the dark. Figure 3-21 shows measured 
D 

data from a-Si p-i-n cell W 8 4  (Table 3-16) with D=0.45 pm where J,(V) was measured at 1 sun 
and J2(V) was measured at 0, 0.25, or 0.63 suns. The excellent agreement between the curves 
demonstrates that JJV) and h(V) at a given intensity can be obtained with J,(V) measured in the 
dark as well as in the light at lower intensity. Figure 3-21 shows that it is not necessary to analyze 
the forward J-V data to determine A, J, and R, in order to obtain - and V,. Instead, J(V) at 
low intensity can be subtracted from J(V) at higher intensity and the resulting h(V) curve can be fit 
instead, eliminating the need for analyzing the dark diode. In the rest of this paper, we fit - to 
JL(V) obtained with J2(V)= JD(V) from the dark, and have analyzed the dark forward J-V to obtain 
A, J, and R,. 

LC 
D 

Lc 
D 

1 

0 .8  

0 .6  
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X 63%AM1 

0 0.2 0 . 4  0 .6  0 .8  1 
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Figure 3-21 Experimental collection efficiency from Equation 3-11 for a-Si p-i-n 
#4484. J,(V) was measured at one sun, and J,(V) was obtained for three 
illumination intensities (dark, 0.25, and 0.63 suns). 

I 
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Table 3-16 Parameters abtained from fitting measured JV curves of a-Si device 
#4484 under AM1.5 (100 mW/cm2) light and low intensity white, red, and blue 
light. 

16.5 0.88 14.0 3 

0.18 0.73 24.1 3 

Illum. 

AM1.5 
2% AM13 0.36 0.77 24.0 3 
2% red 
2% blue 0.15 0.79 15.3 3 

Illum. JX v, FF Power 

AM1.5 15.9 0.842 68.7 7.6 
2% AM15 0.36 0.714 74.2 0.19 
2% red 0.18 0.684 74.4 0.09 
2%blue 0.15 0.679 73.1 0.07 

mA/cm2 Volts % mW/cm2 

i L 

The assumption of a uniform field is required to derive the simple closed form expression for hw). 
This is a common approxima1:ion in the analysis of a-Si p-i-n solar cells [345-3491. In reality, the 
field varies across the i-layer depending on illumination and trapped space charge. However, 
numerical models [350,351] have found that photocurrent collection was more sensitive to the 
limiting carrier pt value than IO the actual field profile. For example, reference [35 11 reports that 
the pt value giving the best f i i  to data varies by less than a factor of two for a wide range of 
assumed field profiles. First order corrections to Equation 3-11. have been proposed which divide 
the field into a strong bias-independent "interface" field and weaker field in the bulk i-layer having 
the standard linear bias dependence [350,352]. These corrections introduce two additional 
unmeasureable fitting parame :ers, the width and potential of tllis "interface" field region. Equation 
3-6 has given very good agreement to the J-V data of all devices measured so far, including after 
light soaking. We speculate that the uniform field approximation accurately represents limiting 
carrier photocurrents in a widt: variety of real a-Si pi-n devices because it is the average field 
which determines the collection probability under white light illumination. Since we find an 
excellent fit with the simple uniform field approximation, we avoid ad hoc modifications which 
introduce unnecessary additio ial parameters. 

The assumption of uniform generation is also required to simplify the analysis since carrier 
diffusion can then be ignored. The generation rate profile has been calculated [353] using an 
optical model developed elsewhere [354]. Figure 3-22 shows the generation profile for a p-i-n 
device with D d . 4  pm, a 1.72 eV bandgap, scattering due to front texture and a back contact with 
reflectivity R,=0.9 for three illumination spectra. The blue and red filtered spectra were determined 
by reducing the AM1.5 spectrum by the transmission of the bllue and red filters used in this study. 
The red generation profile is tery uniform, as expected. The PM1.5 generation is nearly uniform 
beyond the fist  0.1 pm, chan<;ing by less than a factor of two between 0.1 and 0.4 pm. The 
average generation obtained from averaging the total integrated photocurrent over the i-layer is 

T 

Go = and is given in the c 3ption for Figure 3-22 for all three profiles. 
qD 
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Figure 3-22 Calculated generation profiles for typical single junction a-Si p-i-n 
cell described in text, shown for the three illumination conditions used in this 
work. The volume averaged generation: Go = J,, is; 2.1 for AM1.5, 0.9 for red 

and 0.7 for blue (x102' #/cm3/sec) respectively. 
qD 

Equation 3-2 and Equation 3-9 show specific temperature dependencies which are not explored in 
this work since all measurements were at 2528°C. The temperature dependence of J, and A have 
been extensively studied in a-Si p-i-n solar cells [355-3591. J, has been shown to have the form: 

- -Ea  

J, = J,e kT 

Equation 3-12 

Experimental results indicate that both Jao and E, are closely related to recombination at or near the 
p-i interface not the bulk [355-3591. Values of J, and A and their correlation to other properties 
presented here are valid at room temperature. 

The collection model assumes all carrier collection occurs by drift and represents all photocarrier 
recombination losses with a single pt value, thus lumping together recombination at bulk i-layer 
defects or at interfaces. Whether this single pt value represents the carrier with the smaller pt (i.e. 
limiting carrier argument in references [340,350]) or the longer pt (i.e. the sum of the electron and 
hole values in references [345, 3481 will be discussed in Sections 3.4.3 and 3.4.4. 
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3.4.3 Results 

3.4.3.1 Voltage dependence of quantum efficiency 

The quantum efficiency (QE: is typically measured with a phase sensitive lock-in detector which 
senses only the photocurrent response due to the chopped ac monochromatic light. It rejects the dc 
component of the forward bias current. Thus, QE should measure JL(V) at each wavelength not 
J(V). Integration of the product of the QE with a given illumination spectrum gives the 
photocurrent that would be n.easured when the device was illuminated by that spectrum, 
independent of the forward diode current. 

The QE of a-Si p-i-n device 1'484 was measured from 350 to 750 nm with a variable voltage bias 
across the cell. The cell was illuminated with a dc bias light of about 1 sun intensity. At each bias 
voltage, the QE was integrated with the AM1.5 spectrum to obtain the expected photocurrent. 
Figure 3-23 shows the results of these QE measurements along with the measured and calculated 
J(V) and JL(V) characteristics. JL(V) was calculated with parameters in Table 3-16 for 1 sun 
illumination. The J(V) data c ecreases more rapidly than JJV) or QE(V) beyond 0.6V because of 
the increasing forward bias ciirrent. The integrated QE values and independently calculated JL(V) 
values are in very good agreement at all voltage biases, going to zero at V,. This confirms that 
QE(V) and JJV) have the same voltage dependence, given by Equation 3-6, and are independent 
of the forward diode current. This agreement further verifies application of the collection model to 
a-Si p-i-n solar cells under typical 1 sun illumination. 
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Figure 3-23 Measured and fitted J(V) and J,(V) for a-Si p-i-n #4484. Values of 
QE measured over a range of voltage bias and integrated with AM1.5 spectrum are 
shown. 

It has been shown that the apparent decrease in QE with bias can be due to series resistance effects 
E3601 in ideal Si devices without any voltage dependent collection. When J,(V) was recalculated 
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without any resistance, the resulting curve differed negligibly from that shown in Figure 3-23, 
which was calculated with the actual value of R=l.7 Q-cm2. Thus, the voltage dependent QE in a- 
Si is due to field dependent collection h(V) in the i-layer not series resistance effects. 

3.4.3.2 Effect of intensity and illumination spectra on - Lc and V,, 
D 

J-V curves measured under color filtered and neutral density fdtered illumination were analyzed 
because the intensity and spectral dependence of - LC , or pt, and V, are useful to interpret other 

D 
measurements. For example, it is common to measure a-SiGe devices under long pass filtered red 
light to simulate their behavior in a multijunction device [361]. But filtering the spectrum also 
reduces the total illumination intensity. Transport properties in a-Si materials are known to be 
intensity dependent due to trapping of photocarriers and movement of the Fermi level under 
illumination [362,363] and spectrally dependent as well [364,365]. 

The collection length analysis has been applied previously to devices measured under non- 
uniformly absorbed light [347-3491. Depending which contact layer the device is illuminated 
through, the resulting pt value is identified with either the hole, electron, or their sum. It is 
generally acknowledged that photocarrier collection in a p-i-n cell is dominated by the "limiting 
carrier" [340,350]. Under uniform illumination, the carrier with the shorter drift length limits 
current collection, typically holes. Under strongly absorbed (blue) illumination through the p- 
layer, the limiting carrier model predicts that - is due to electron pt, assuming electron pt is 

D 
much greater than hole pt. However, interface recombination [341] or back diffusion [345,350] 
will reduce the current collection for strongly absorbed light which can be mistaken for spectral 
dependence of the apparent bulk pt. Thus, the value of pt resulting from measurements under 
strongly absorbed light will still be that of the electron, but whether it is due to bulk or interface- 
related recombination cannot be simply determined from these measurements. 

LC 

The same a-Si device W 8 4  whose J-V data is shown in Figure 3-21 and Figure 3-23 was 
measured under a wide range of illumination conditions. The intensity was varied over two orders 
of magnitude with neutral density filters for three spectral distributions: no color filter (standard 
AM1.5 spectrum), a blue filter (kc550 nm) and red filter (b610 nm). The same forward diode 
parameters J,, A, and R (Table 3-16) were used for analyzing all filtered J-V tests since the 
forward diode was independent of intensity (Figure 3-21). J,, was proportional to intensity and J, 
for all illumination conditions, and is used here to represent intensity. 

LC L Figure 3-24 shows the dependence of - on Jsc, i.e. intensity. 
intensity under red light but is independent of intensity under blue light. The power dependence m 
of - on red light intensity I is I-m with m=0.2. Under white light, - decreases with intensity 
similar to the value under red light. Studies of the intensity dependence of hole transport on 
i-layers, using the steady state photocarrier grating (SSPG) or surface photovoltage (SPV) 
techniques, have found that hole pt also have mz0.2 [366-3681. The electron pt, from 
photoconductivity, can have a wide range of intensity dependence with m=O. 1-0.4 Thus, the 
intensity dependence m=0.2 for red light in Figure 3-24 is consistent with either hole or electron 

decreases steadily with 
D D 

LC LC 
D D 
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collection . The intensity indzpendence for blue light suggests that - Lc for strongly absorbed light 
D 

may be determined by something other than bulk recombination, such as interface recombination 
[355, 356, 359, 3691 and back diffusion [345, 350, 3701. Results for k, or any photocurrent 
measurement, at short wavelengths should be interpreted with great caution because Figure 3-24 
indicates that they do not meitsure a bulk transport property. 
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Figure 3-24 - Lc vs J,, for a-Si device #4484 for unfiltered, red and blue filtered 
D 

light at different intensities. Solid lines to guide the eye. 

Figure 3-25 shows that V, de?ends on both intensity and spectrum. Figure 3-26 shows that V,, 
changes linearly with V, as intensity varies but the slope depends on the spectrum. For a given 
value of V,, V,, is lowest for blue light. This suggests that back diffusion and interface 
recombination losses, which predominate with blue light, reduce VOc more than bulk 
recombination at an equivalent generation rate. Figure 3-25 and Figure 3-26 are critical to 
understanding the physical significance of V,: showing that it is not an intrinsic property of the 
device but depends on external variables. This is discussed further in section 3.4.4.3. Figure 3- 
24 and Figure 3-25 show that - L C  and V, for unfiltered white light, typically used for standard 

D 
solar cell testing, behave more like values obtained under red light (uniformly absorbed) than blue 
light (strongly absorbed), conf inning that the assumption of uniform generation applies to white 
light conditions. 

Series resistance also has a mzjor impact on intensity dependent measurements, especially FF. 
This is discussed in more detzjl in section 3.4.4.4. 
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Figure 3-25 V, vs J,, for a-Si device #4484 for unfiltered, red and blue filtered 
light at different intensities. Solid lines to guide the eye. 
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Figure 3-26 V,, vs V, for a-Si device #4484 for unfiltered, red and blue filtered 
light at different intensities. Solid lines to guide the eye. 
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3.4.3.3 Stability and degradation due to light soaking 

It is well known that light ex ?osure increases the defect density in a-Si material and reduces the pt 
product of electrons and holes. Generally a logarithmic decrease in pt with light exposure time t is 
reported with p~ = t-b. Therefore, it is expected that - Lc should decrease with light soaking. 

D 
Degradation studies of electmn pt from photoconductivity [367,37 11 have generally established 
that b-0.33 . Degradation s:udies of hole pt from SSPG in a-Si [372-3741 have all found b-0.1, 
a much smaller degradation rate than found for electrons. We are unaware of any published 
degradation studies of hole pt in a-SiGe materials. 

The two devices analyzed in Figure 3-18, Figure 3-19 and Figure 3-20 were exposed to 200 hours 
light soaking. The a-Si device #4298 was illuminated with unfiltered ELH lamps while the a-SiGe 
device was illuminated with -ed light (b610 nm) from filtered ELH lamps. Figure 3-27 shows 
the measured and calculated 1 -V curves under red test illumination of the a-SiGe device before and 
after light soaking. Parameters for each device after light soaking are shown in Table 3-14 and 
Table 3-15. These changes with light soaking are typical of what we have found for other devices 
in this study. The two parameters which show the largest change are J, and h. This is expected 
since they both represent recombination mechanisms, and lig.ht soaking increases the density of 

recombination centers. 2 for the a-Si device decreased from 20.7 to 7.0, while that of the a-SiGe 
device decreased from 8.1 to 5.6. In general, we have found that J, increases by a factor of 5-15 
and 2 decreases by a facto]. of 2-3 for a-Si devices with D=20.4-0.5 pm after several hundred 
hours light soaking at 1 sun iirtensity. Other parameters show much smaller, less systematic 
changes. 

D 

L 
D 

L 
D 
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Figure 3-27 Measured (under red light) 
#3342 in initial and light soaked states. 
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and calculated J-V for a-SiGe device 
Calculated with parameters in Table 3- 

L 
D 

Figure 3-28 shows that the degradation of 2 for both devices is nearly logarithmic with light 

L 
D 

soaking time. 2 for a-Si device #4298 decreased at a greater rate than for the a-SiGe device. 
This is partially due to light soaking the a-Si device at a higher intensity. The degradation rate 
b=O. 13 for the a-Si device is very comparable to values found for holes by SSPG on a-Si films. 
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An a-Si device H304, having a 0.50 pm thick i-layer deposited at low temperature (175OC) 
without any H, dilution, was I ight soaked. These deposition conditions were expected to yield 
large degradation with light soaking [375]. The J-V curves were analyzed in the initial state and 
after 100 hours of light soaking as shown in Figure 3-29. Table 3-17 shows the parameters and 
device performance in each state. The FF degraded from 69 to 49%. This corresponded to a 
decrease in - from 14.2 to 3.1 , obtained by fitting with the degraded values of J, and V, from 
Table 3-17. To determine if the effect of light soaking could be'described solely by changes in 
- , the J-V curve after light soaking was also fit with the same five parameters (A, J,, R, J,, and 

LC 
D 

Lc 
D 

Lc V,) as determined for the annealed state, changing only - - Figure 3-29 shows that a good fir to 
D 

the light soaked data is possible by changing only -, Lc from 14.2 to 2.7. The J-V performance is 

nearly independent of the forvrard diode parameters for low values of - LC . We conclude that the 

effect of light soaking can be Iepresented almost entirely by changes in - LC even though V, and J, 

D 

D 

D 
also degrade. 
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Figure 3-29 . Measured and calculated J-V for a-Si device #4304 in annealed and 
light soaked states. Calculations are shown using annealed parameters in Table 
3-17 with - =14.0 from the annealed state, and with - =2.7 to represent the 

light soaked state. 
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D D 

Table 3-17 Parameters obtained from fitting measured JV curves of a-Si device 
#4304 under AM1.5 illumination in initial and light soaked state (100 hrs.). The 
last row (soaked*) shows results of calculating device performance with the same 
parameters as initial state except for k. Data from first and third rows are 

D 
plotted in Figure 3-29. 

state JLO V, L@ Jo xlO-' A R 
mA/cm2 Volts mA/cm2 Q-cm2 

initial 13.7 0.87 14.0 7 1.7 1.6 
soaked 13.6 0.83 3.1 200 2.3 2.6 
soaked* I 13.7 10.87 12.7 17 11.7 ] 1.6 

state V, FF Power 
&cm2 volts % mW/cm2 

initial 113.2 0.834 68.7 7.6 
soaked I 11.5 0.809 49.4 4.6 
soaked* I 1 1.3 0.811 50.1 4.6 



3.4.3.4 Correlation of experimental results 

Results of analysis of 23 cells, both a-Si and a-SiGe, are shown in Figure 3-30 -Figure 3-32. All 
devices were measured under AM1.5 illumination. Figure 3-30 shows the dependence of FF on 

in the initial and stabilized states. The solid line traces the degradation of a single a-Si device 
D 

W298 during a 200 hour light soaking. The dependence of FF on is similar whether cells 
D 

Lc degrade due to increasing Ge or light induced defects. Note that - greater than 30 is required for 
FF to exceed 75% at 1 sun intensity. 

D 

75 

60  AA o a-Si, initial 

5 5  
A P  a-Si, light soak A 

0 A a-SiGe, initial 
A a--SiGe, light soak - a.-Si, 0-200 hrs 

0 5 10 15 2: 0 25 30 

LP 
Lc Figure 3-30 Correlation of FF with - from 23 a-Si or a-SiGe solar cells. Both 
D 

initial and light soaked values are shown for some devices. Solid line is a-Si 
device #4298 (Table 3-14) shown for various intervals during 200 hr. light 
soaking. 

Figure 3-31 shows that V, is linearly proportional to flat band voltage V,, with a best fit of V,, = 
V, -0.040 V. Figure 3-32 shows that V,, has a general inverse trend with log J,, but with a large 
degree of scatter. J, can vary by over an order of magnitude without changing Voc This is not due 
to uncertainty on determining J,; rather, it indicates V, is not limited by J,. This is discussed 
further in section 3.4.4.4. Co nparing Figure 3-3 1 and Figure 3-32, V, is more closely correlated 
with V, than J,,. The voltage dependent photocurrent JL(V) is a limitation to increasing V, which 
is usually not considered when analyzing V, losses. 
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3.4.3.4.1.1 i-layer thickness dependence of - Lc and pz 
D 

From Equation 3-8, the pz product for the carrier limiting the collection can be determined knowing 

L, L D and V,. Figure 3-33 and Figure 3-34 show the thickness dependence of - LC and pt for all of D D 
L 
D 

the devices analyzed in this sbdy in the annealed (initial) state. 2 for the a-Si devices with D>0.2 
pm is consistent with a thickness independent drift length of h=5.5 pm as shown by the inverse 

Le LC relation between - and D. The thinnest a-Si device has a much smaller - (-16) than expected for 
D D 

its thickness (-0.08 pm) by eKtrapolating from the thicker devices yet it was a very high quality device 
(FF=72%) developed as a top cell of a high efficiency triple junction stack. Figure 3-34 shows that pt 
for a-Si i-layers becomes thickness independent with a value of 3-4x10-* cm2N for D>0.2 pm.. The 
similar pt values between de\.ices deposited in five different laboratories with different a-Si i-layer 
conditions and device structu-es is to be expected because these devices were produced under nearly 
optimized conditions by each group. The greater variation in pt for a-SiGe devices may be due to the 
greater variation and lack of optimization in deposition conditions. Note that the thinnest a-Si device 
has a very low pt, comparable to the thinnest a-SiGe device which had E i=l .4 eV. Thinner devices 
have a greater fraction of the 1 otal carriers generated closer to the p-i intedace compared to thicker 
devices. Carriers generated nlm the p-i interface may have a different limiting recombination 
mechanism from bulk generated carriers as suggested by Figure 3-24 and Figure 3-26. Interface 
recombination [355,356,359,369] or back-diffusion [340,350,370] of carriers generated near the 
interface may dominate bulk iccombination losses in thin cells. This has a major impact on design and 
performance in multijunction cells where all layers will be thin for current matching and improved 
stability. More detailed numerical analysis of bulk and interface losses are needed. 
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devices in initial state. 

3.4.4 Applications of JJV) model and discussion 

Lc 3.4.4.1 Effect of - on J,, and V,, 
D 

With the collection length model (Equation 3-3, each performance parameter is related to a model 
parameter: J,, is proportional to J,; V, is proportional to V, (Figure 3-3 1); and FF is controlled by 
T T L. (Figure 3-30). However: J,, and V,, also depend on (2 although to a much smaller extent 
D D 

(Figure 3-17 and Figure 3-2911. From Equation 3-5, J,, will be: 

Equation 3-13 

where a second order expansion of the exponential was used assuming ->>1. Lc Thus, for L = l O ,  
D D 

J,, is reduced by 5% from J,. 

From Equation 3-1, Equation .3-2 and Equation 3-5; V, will be: 
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Equation 3-14 

V where v = s. For typical values, the first two terms are positive while the last two negative. The 

first term is the only term needed in analyzing the ideal device where J, is constant. Using Equation 3- 
vtb 

9 D 
14 with; - AkT =0.047 V, JL0=15 mA/cm2, JO=1O-' mA/cm2, -=lo, LC v=0.95; then Voc=0.95 V. For 

the same parameters without voltage dependent collection losses, V, would be 0.99 V. Thus, the 
voltage dependent collection costs 0.04 V for these typical parameters. 

3.4.4.2 Hole vs electron transport 

From steady state photoconductivity and diffusion length measurements on thick a-Si films, it is found 
that electrons have pt -10-6-10-5 cm2N and holes have pt -(OS-4) x10" cm2N [348,368,376,377]. 
It is well known that alloying with Ge reduces the electron and hole pt. For a-SiGe films with 
bandgaps in the same range as devices measured here, 1.4-1.6 eV, electrons have pt -10-7-10-6 cm2N 
and holes have pt -1-5~10-~ cm2N [352,377-3801. Values of pt in Figure 3-34 for a-Si and a-SiGe 
indicate hole-limited collection since they agree with reported hole values and are at least one order of 
magnitude less than typically reported electron values. Our data on pt from - and its dependence on 
intensity and light exposure from a-Si p-i-n cells is summarized in Table 3- 18, and compared to values 
from the literature obtained for holes by SSPG or SPV. Clearly, our pt properties from in typical 

p-i-n devices under standard solar illumination are in good agreement with hole pt properties in thicker 

films from other techniques. Previous measurements of - obtained under chopped red light in thick 
Schottky barriers have been closely correlated with hole diffusion length obtained by SPV on the same 
devices [380]. From Figure 3-34, a pt of 4x10-* cm2N gives a diffusion length of 0.15 pm, typical of 
values reported by SSPG for a-Si films. 

Lc 
D 

D 

, 
LC 
D 

Table 3-18 Comparison of published hole transport properties from SSPG on 
thick a-Si films with similar parameters obtained from Lc/D of a-Si p-i-n devices 
in this study. 

parameter this study SSPG value references for SSPG 
UT fcm2 -V) 1-4 xlO-' 0.5-4~10-' [366-368, 374, 376, 377, 3791 
, \  
intensity dependence m 0.20 0.20-0.27 [366-3681 
degradation rate B 0.13 0.11- 0.14 [372-3741 



Results presented here are in agreement with the limiting canier model [301,350] since they indicate 
hole limited transport for red or white light through the p-layer. An alternative model says that - =c 

values. Since the electron pt is typically 10-100 times greater than the hole p~ in a-Si, this implies - LC 

D 
should represent the sum of lhe electron and hole collection lengths [345,381], thus the sum of the p~ 

D 
LC values of 100-1OOO which grzatly exceed reported values of - . 
D 

3.4.4.3 Flat band voltage vs built-in voltage 

Figure 3-3 1 and Figure 3-32 indicate that V, is strongly correlated with Vp and somewhat correlated 
with J,. In order to determine the limits to V, and under what conditions it depends primarily on V, 
or J,, V, was calculated usiig Equation 3-1 with R=O, A=1.8, and J,=15 mA/ cm2. Figure 3-35 
shows the dependence of V , :  on V, for three values of J, and two values of c. V, is linearly 
proportional to V, for V, <C .8V, independent of J,, and independent of V, for V, > 1.1V. V, will 
vary as the inverse of log (JJ, as predicted by first term of Equation 3- 1 1, only when V, is several 
tenths of a volt greater than F',. Reducing J, increases the range of V, where V, is proportional to 
V,. Figure 3-35 also shows fiat V,, is nearly independent of for values expected for reasonable 

L 
D 

L 
D 

device performance (-A). Lc Calculated results in Figure 3-35 are very similar to measured data 
D 

presented in reference 13821 where V, begins to deviate from V, around V, -0.9 V then saturate with 
V, > 1.1 V. In general, Figur 2 3-35 indicates the importance of the voltage dependent photocurrent 
losses in the analysis of V,, limitations. 
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Figure 3-35 Calculated dependence of V,, on V,, for three values of Jo, and 

&=16 (solid lines) or -=S Lc (dashed lines). 
D D 

V, is often assumed to be equivalent to the built-in voltage, Vbi, defined as qV,,=E, -En-E, where E, 
is the i-layer bandgap and En and Ep are the Fermi level positions in the n and p-layers. For typical 
values of E,,=l.8, Ep0.2, and E,,=0.4 eV, vbi would be 1.2V yet the largest V, we have measured is 
only 1 .O V. vbi should be independent of intensity and spectrum, yet Figure 3-25 shows V, clearly 
depends on both. It has been estimated [383] that V, = Vbi -0.35Vz0.85 V which is very close to the 
majority of values we have found for a-Si devices. V,, the voltage at which field reversal occurs in the 
i-layer causing JL(V) to go to zero, is not a fundamental device property but depends on the i-layer 
defect distribution between deep states and band tails, and operating conditions. Further study is 
needed to understand the relation between V, obtained from this analysis and built-in potential from 
other methods such as temperature dependence of V,, [357] and electroabsorption [384]. 

3.4.4.4 Effect of series resistance on FF 

The maximum power, hence FF, of a solar cell decreases with increasing R due to (J’R) power 
losses. Similarly, FF decreases with increasing intensity for the same reason. However, trapping 
and recombination at deep defects and bandtail states will also be intensity dependent [362,363]. 
Recently, the reduction in FF with increasing intensity was attributed to trapping in band tails 
leading to field collapse in the i-layer using the A M P S  model [385]. 

Figure 3-36 shows the dependence of FF on intensity. The experimental data are from the same a- 
Si device #4484 whose J-V behavior is presented in Figure 3-21 to Figure 3-24. The dependence 
of FF on intensity was calculated with Equation 3-1 using parameters for ##4484 from Table 3-16 
with J, varying to simulate the change in incident intensity with R=O and 1.7 a- cm’. Note the 
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close agreement between data and the circuit model for the actual value of R=1.7 Q- cm2. Even 
closer agreement would have been obtained by letting - vary with intensity as shown in Figure 
3-24. The other calculated curve in Figure 3-36 is from the AMPS modeling program using 
parameters described in referznce [385]. 

Le 
D 

L 

0 datafromM-484 
62 1 

\ 

Figure 3-36 Measured and calculated dependence off FF on intensity (.Jsc). Data 
points from a-Si device #4484, circuit model (Equation 3-1) with parameters 
from Table 3-16. The AMPS calculation is from reference [385]. 

Comparing results with R=O to R=1.7 Q- cm2 shows that a major component of the decrease in FF 
with intensity is due to increased series resistance losses (J'R). We conclude that the dependence 
of FF on intensity can be adequately explained with a simple series resistance circuit model. 

3.4.4.5 Effect of device parameters on efficiency 

Lc The efficiency was calculated as a function of - assuming 100 mW/cm2 input power with the 
D 

following parameters fixed: A=1.8, J,=15 mA/ cm2, and R=O. These parameters represent a typical 
a-Si single junction device without series resistance. The values V, and J, were varied to determine 
the relative payback in improh ed performance. Figure 3-37 shows that for V, = 1 .O V, there is little 
improvement seen by decreas ng Jo from lo-* to 
significant gain for decreasing J,. Only after V, is no longer limited by low V, will decreases in J, 
give major improvements (Figure 3-35). All curves tend to approach saturation beyond &=20. The 

mA/ cm2, while for V, =1.4 V there is a 

D 
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L C  best stabilized value of - we have found is 12.5, for a thin device (D=O. 1 pm) intended as a top cell 

of a multijunction device. There is little to be gained by improving on that value of - by more than 

50%. However, for low bandgap a-SiGe devices with stabilized - values of around 5, there are 

D 
L C  

D 
L C  

D 
major gains to be had by increasing - L C  or V,. 

D 

1.4 

5 10 15 20 25 

Figure 3-37 Efficiency calculated for various values of V, (Volts) and 
J, (mA/cm2) as function of -. Lc Other parameters were A=1.8, JLo=15 mA/cm2, 

D 
and R=O. 

3.4.5 Analysis Of Multijunction Devices 

Much of the modeling and analysis of multijunction devices has been achieved with numerical 
models requiring a large number of material and physical parameters. Although such modeling 
provides detailed insight into the microscopic behavior, many of the required material parameters 
are experimentally inaccessible and the physics of some regions such as interfaces are imperfectly 
known. Thus, it is difficult to link the model to measurable device performance. Using the 
method of analysis presented in section 3.4.2, triple junction cells are analysed using a parameter 
set based on the stabilized high, middle and low bandgap cells from USSC. 
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Figure 3-38 shows the measured and calculated JV data under AM1.5 illumination for the a-Si top 
cell of a triple junction and Figure 3-39 the measured and calculated JV data under red fdtered light 
for a low bandgap a-SiGe bo;:tom cell of a triple junction both made by USSC. 

&- 
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-0.5 -0.25 1 0 0.25 0.5 0.75 

Volts (V) 

Figure 3-38 Measured (AM1.5) and calculated JV curve for USSC top cell (aSi) 
in initial and stabilized state. Calculated curves using parameters of Table 3-19, 
measured and calculated performance in Table 3-20. 
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Figure 3-39 Measured (red filtered AM1.5) and calculated J-V curve for USSC 
middle cell (a-SiGe) in initial and stabilized state. Calculated curves using 
parameters of Table 3-19, measured and calculated performance in Table 3-20. 

Both Figure 3-38 and Figure 3-39 show the initial and stabilized J-V curves. The good agreement 
of Figure 3-38 and Figure 3-39 from reverse bias to beyond V,, indicate the model accurately 
represents all portions of the J-V characteristic. Agreement is typically within 0.4 mA/cm2. 
Parameters obtained from analyzing the top, middle, and bottom cell JV curves provided by USSC 
are in Table 3-19. 

Table 3-19 Parameters obtained from JV fitting and calculated and measured 
solar cell performance for initial and stabilized USSC component cells. Top cell 
degraded and measured under unfiltered light; middle, bottom cells degraded and 
measured under filtered light (see Ref. [386]). 
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The parameters in Table 3-19 will form the basis for subsequent analysis of triple junction cells. 
Table 3-20 shows the illuminated J-V performance for each component cell calculated with 
paramekers of Table 3-19 compared to the J-V performance measured by USSC under appropriate 
illumination. Very close agreement is found, demonstrating the applicability of this analysis to a-Si 
and a-SiGe devices under a range of conditions. 

Table 3-20 Calculated and measured performance of USSC component cells. 
Calculated values obtained with the 6 parameters from Table 3-19. - Calculated Measured I I 

top initial 0.93 6.67 
stable 0.89 6.59 

mid initial 0.77 7.05 
stable 0.75 6.80 

bot initial 0.68 8.35 
stable 0.66 8.27 

72.3 4.51 0.94 6.58 72.3 4.44 
67.0 3.95 0.89 6.50 68.0 3.95 
66.1 3.59 01.77 7.15 65.2 3.59 
57.0 2.90 01.74 6.86 56.7 2.89 
64.5 3.65 0.68 8.55 63.2 3.65 
57.5 3.13 0.66 8.30 57.2 3.12 

A triple junction device can be analyzed by solving Equation 3-1 for each junction with the 
requirement that the net currents are equal. Table 3-21 lists the performance of the triple junction 
devices consisting of the component cells of Table 3-19 in the: initial and stabilized states. The 
efficiency decreases from 11.5 to 9.8% with light soaking (efficiency calculated assuming 100 
mW/cm2 input). Performanct: of USSC triple junctions [387] from this period are very comparable 
to the calculated values, with initial efficiencies of 11% and stabilized efficiencies of 9.5%. 
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Table 3-21 Calculated triple junction Performance for different cases of input 
parameters. - 
case 

1 
- 

3 
4 
- 

5 
6 
7 

- 
- 

8 

- 

conditions voc JSC FF Eff. 

initial cell parameters from Table 3-19 2.38 6.8 71.1 11.5 
stabilized cell parameters from Table 3- 19 2.28 6.7 63.6 9.8 
same as case 2 except all Lcn>=15 2.34 6.8 71.8 11.4 
same as case 2 except all Vb increased by 0.1V 2.35 6.7 66.4 10.4 

(V) (Man2) (%> 

same as case 2 except all Jo decreased by 1OX 2.43 6.7 62.0 10.1 
combine improvements from cases 3,4, and 5 2.65 6.8 72.5 13.1 
same as case 6 except increase all Jb to 8 mA/cm2 2.65 7.7 69.3 14.2 
same as case 6 with J b  current imbalance 2.66 7.9 71.0 14.9 
top / mid /bot = 8 / 8.5 / 9 mA/cm2 

The model can be used to indicate the relative payback for improving a given device parameter. 
Figure 3-40 shows the triple junction efficiency as a function of the - of the top, middle or 
bottom cell. All other cell parameters were the same as in the stabilized USSC component cells 

Lc 
D 

(see Table 3-19). Figure 3-40 shows that there is a significant improvement from increasing - Lc 
D 

up to 15 in the middle or bottom cells, but improvement saturates beyond this point. The most 
important conclusion of Figure 3-40 is that there is little benefit to significantly improving i-layer 
collection in one cell in the stack, for example, by greatly reducing the defect density or increasing 
mobility or lifetime. Instead, as discussed below, all properties of all devices must be improved. 
It is known empirically that improved a-Si multijunction cell performance results from having a 
current mismatch between component cells [388,389]. The cell with highest FF (the top cell) is 
designed to have the lowest Jsc tie., it becomes the current limiting cell) and cells with the lowest 
FF are designed to have higher Jsc. Current mismatch has the biggest impact on the FF of the 
triple junction device. However, there has been little effort to understand the details or provide a 
predictive model of this effect. 
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Figure 3-40 Efficiency 01’ triple junction calculated for varying - Lc of each 
D 

Lc component cell. Default values of - were 11.3, 4.5, and 4.8 for top, middle, 
and bottom cells. All other parameters from stabilized component cells of Table 

D 

3-19. 

Figure 3-41 shows the effect of current limiting by varying the photocurrent Jm- of the middle and 
bottom cells, independently. Other parameters are from Table: 3-19 for the stabilized component 
devices. The efficiency continues to increase as either cell is increasingly imbalanced. The 
magnitude of the effect is similar to that found by USSC in their present triple junctions. The 
analytical model can thus be L sed to quantify how much one needs to increase the bottom cell 
current to obtain an expected j ncrease. The trade-off comes from the inevitable decrease in bottom 
cell stability if its i-layer is made thicker, and loss in Voc and IT if the i-layer bandgap is 
decreased. 

Table 3-21 also shows the impact of selected improvements needed to achieve 15% using stabilized 
device parameters from Table 3-19 as a starting point. By improving the i-layer collection - LC to 

D 
15 (case 3) in all three cells, so that all three cells have i-layer quality comparable to the best initial 
a-Si device (Table 3-19), the triple junction FF only increases to 71.8% and efficiency increases to 
12.6%. Note that Voc increases by 0.06 V as the collection losses decrease because JJV) remains 
larger at large forward bias. Case 4 shows that increasing the vb of each cell by 0.1 V over the 
stabilized values increases the triple junction V, by only 0.0;‘ V. Case 5 shows that reducing J,, 
by an order of magnitude in each cell increases Voc by 0.15 V, but efficiency increases by only 0.3 
percentage points compared to case 2. Note that the FF actually decreases because V, is 
unaffected by J, while Voc increases. This is proof that maximum power is almost unaffected by 
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the dark diode, but rather is determined almost entirely by the bias dependent photocurrent 
collection. Case 6 combines all three major improvements of cases 3,4, and 5, resulting in an 
improvement in Voc of 0.37 V which is greater than the sum of gains in Voc by changing each 
parameter individually. The FF increases only slightly (from 7 1.8% to 72.5%) compared with the 

T T 

value found by increasing only to 15 in case 3. This confirms that 
D D 

has the dominant 
effect on FF. Increasing the flat band voltage or reducing J, of each device has a greater impact as 
- increases since the device becomes more ideal. It is well known that triple junction Jsc of 8 
D 

mA/cm2 is needed to reach 15% efficiency [389]. Case 7 shows the performance when all 
improvements of case 6 are coupled with higher JLo of 8 mA/cm2 for all three devices. Although 
Jsc increases as expected, FF decreases since the benefits of current mismatching are lost. Case 8 
shows the benefit of current limiting with the best cell (top cell). The J, values are 8,8.5, and 9 
rnA/cm2 in the three devices, resulting in no change in Voc7 small increase in Jsc, but a significant 
improvement in FF. This shows that current imbalance is an important technique to improve FF 
even when all three devices have identical and rather high values of - . Case 8 shows that to 

achieve 15% efficiency, it is necessary to increase - significantly in the middle and bottom cells, 
to increase vb in all three cells by 0.1 V, to reduce Jo by an order of magnitude in all three cells, 
increase Jsc to nearly 8 mA/cm2, and incorporate current limiting with the top cell. 
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Figure 3-41 Effect of current mismatch on efficiency by varying J,, of middle 
and bottom cells. All other parameters from stabilized component cells of Table 
3-19. 
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3.4.6 Conclusions 

A simple parametric model c f current voltage behavior has been developed. Very close agreement 
between measured J-V data and the model has been found for over 20 solar cells from several 
laboratories. The model has been applied to a-Si and a-SiGe p-i-n solar cells in initial and light soaked 
states, under AM1.5, blue and red light. The strength of the present analysis is that it allows 
characterization of the device under typical operating illumination conditions of dc AM1.5 light, in 
terms of two basic parameteis, - and V,. Basic material properties such as hole p~ can be studied 
in an actual solar cell configuration. To first order, changes in FF can be represented with a single 
parameter - , which we have shown is proportional to the hole drift length for a-Si or a-SiGe 

devices. - in devices thinner than -0.2pm may be strongly influenced by non-bulk recombination 

(interface or back diffusion). The dependence of FF on - is the same whether cells degrade due to 
increasing Ge or light induce13 defects. The voltage dependent current collection reduces V, by 40- 
100 mV, an effect which is typically ignored. V, in present devices is limited by V,, not J,. Series 

LC 
D 

Lc 
D 

Lc 
D 

LC 
D 

resistance alone can explain the intensity dependence of the €F, even though - LC is intensity 
D 

dependent as well. 

Since this analysis was begun, top cells with V,, of 1.0 V have been reported and used in triple 
junctions. Also, the Jsc of tht: triple junctions has increased. Together, these improvements have 
lead to triple junction devices with stabilized efficiencies of 11.8% [390]. Single junction device 
parameters reflecting these improvements have been incorporated into the model in the current 
contract year, giving results typical of today’s best triple junction devices. These will then be used 
to evaluate directions and device features needed to extrapolate to DOES 15% efficiency goal. 
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4. CdTeKdS RESEARCH 

4.1 SUMMARY 

4.1.1 CdTeKdS Device Performance 

In this reporting period vapor phase CdCl, treatments were developed, permitting the effects of 
reaction temperature and chloride concentration on materials and devices to be investigated. Vapor 
CdC12 treatment at 420°C was found to result in uniform modification of the film properties. 
Combined with the contacting process developed in the previous reporting period, the uniform and 
reproducible treatments have translated into greater consistency in device performance at an 
efficiency level of 12% E4011 The J-V curve of such a cell is shown in Figure 4-1. The V, is 
approaching state-of-the-art values, but J, and FF are low. The resistance at V,, in these devices 
is in the range of 6 to 10 sZ-cm2. Reducing this to 1-2 sl-cm2 by optimizing the CdTe doping and 
contact are expected to increase FF to >72% and should enhance the V, Control over S 
interdiffusion with vapor treatment and use of alloyed films is described in the sections below and 
offers several avenues for improving Jsc: 1) use thick CdS (-250 nm) and high S diffusion process 
to thin down the CdS, boosting J,, contributions from 300-550 nm and 750-900 nm; 2) use 
ultrathin CdS ( 4 0  nm) and low S diffusion process to minimize loss of CdS film; and 3) deposit 
CdTe,,S, films with x near the solubility limit on ultrathin CdS to minimize driving force for 
interdiffusion. 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 
V(Vo1ts) 

Figure 4-1. J-V curve of PVD CdTe/CdS device 40926.11-3 processed with 
CdCl, vapor (using a coated plate as the vapor source). 
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4.1.2 CdC1, Treatment 

All-vapor post deposition processing holds many advantages the over conventional coat-and-rinse 
techniques that are employed for CdTe cells [402,403]. For example, the thermal separation of 
CdTeiCdS films from the chloride source allows independent control of both the reaction 
temperature and species concentration. This facilitates temperature-time configurations that: can 
reduce the CdS loss via interdiffusion; increase the V,; reduce the treatment time; and produce a 
residue-free CdTe surface. Figure 4-2 shows the CdTe (51 1 ) XRD peak profile in 2.5 pm 
CdTe/O.2 pm CdS structures after CdC1, vapor treatment. The bimodal profile obtained for the 
sample in which the CdC1, and CdTe/CdS structure were heated together indicates extensive CdTe- 
CdS mixing and corresponds to an equivalent CdS thickness of approximately 65 nm. Delaying 
the delivery of CdCl, vapor by two minutes after reaching reaction temperature results in a 
diffusion tail that corresponds to an equivalent CdS thickness of less than 20 nm. 

1 
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x=O% ~ = 6 %  

Unison Film and 
Source Heating 

Delayed CdCl 
Source Heatup 

1 1 1 1 1 1 1 1 m 1  

76 765 77 775 
2-Theta (deg) 

Figure 4-2 CdTe,-,S, (5:ll) XRD profile for CdTeKdS structures heated in 
unison with (solid) and prior to (dotted) the CdCl, source. 
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The vapor chloride processing yields a spatially uniform grain size and a clean CdTe surface free of 
residual chlorides, oxides, and chlorates. This eliminates the necessity for rinsing or handling of 
rinsates prior to contact forma tion. From a device perspective, these benefits translate into spatially 
uniform properties and performance. Table 4- 1 shows the current-voltage parameters for four 0.2 
cm2 area cells fabricated on a 1” x 1” sample processed with CdCl, vapor treatment. 



Table 4-1. Current-voltage parameters for CdTeKdS cells demonstrating spatial 
uniformity of device performance with vapor chloride processing. 

cell voc Jsc FF Eff 
(mV) (mA/cm') (%> 

1 786 21.4 67 11.2 
2 795 21.8 64 11.1 
3 779 21.0 66 10.8 
4 790 21.5 66 11.2 

The role of CdCl, in promoting recrystallization, grain growth and interdiffusion between CdS and CdTe 
layers in physical vapor deposited CdS/CdTe thin film solar cells is has been examined[404]. CdTe/CdS 
thin film samples prepared with different CdTe film thicknesses and treated in air at 415°C for different 
times with and without a surface coating of CdCl,. The samples were characterized by scanning electron 
microscopy, transmission electron microscopy, energy dispersive x-ray spectroscopy, x-ray 
diffractometry, and optical absorption. The results show that CdCl, treatment enhances the 
recrystallization and diffusion processes, leading to a compositional variation within the CdTe layer due to 
diffusion of S from the CdS. The highest S concentrations observed, after 30 minute treatments with 
CdCl, at 415"C, are near the solubility limit for S in CdTe. The compositional distributions indicated by 
x-ray diffraction measurements of samples with different CdTe thickness show that the S-rich CdTe,-,S, 
region lies near the CdTe-CdS interface. A multiple step mixing process must be inferred to account for 
the diffraction profiles obtained. 

4.1.3 CdTe-CdS Alloys and Devices 

The CdTe-CdS alloy system has been characterized at typical solar cell processing temperatures in 
order to elucidate the role of interdiffusion in CdTe/CdS-based solar cells [405,406]. 
Predominately single phase CdTe,-,S, thin films with xj[S]/([S]+[Te]) ranging from 0 to 0.45, 
were grown by vacuum co-evaporation of CdS and CdTe. Phase segregation was promoted by 
heat treatment of the films at 415°C in the presence of CdCI,. The solubility limits of S in CdTe 
and Te in CdS at 415°C were derived by measuring the compositions of the two phases in the films 
after the CdCl, treatment. The solubility limit of S in CdTe was determined to be 5.8%. Solar 
cells were fabricated with compositionally uniform absorber layers of CdTe,-,S, with x near the 
solubility limit before heat treatment. An efficiency of 10.8% was achieved by a CdTe,-,SJCdS 
device. The V,, Jsc, FF and spectral response of this device were all very similar to vacuum 
evaporated conventional CdTe/CdS cells where the alloy is formed by diffusion of S during cell 
processing. 

4.1.4 HCI Vapor Treatment 

Data on the structural and optical properties and cell performance of thermally evaporated 
CdTe/CdS films were determined as functions of the HCl concentration and temperature of a post- 
deposition heat treatment [407]. The degree of prefened (1 1 1) orientation decreased while the 
grain size of the CdTe films increased with increasing HCl concentration and temperature. The 
sulfur content of a CdTe,-,S, layer also increased with HCl concentration and temperature to a 
maximum value of -2%. Cell performance improved over as-deposited values to -8% efficiency. 
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4.1.5 Stress Testing of CdTe/CdS Devices 

CdTe/CdS solar cells have been known to exhibit various Combinations of reversible and 
irreversible degradation of cc nversion efficiency after being subjected to temperature, voltage and 
illumination at levels which €:qual or surpass those expected in field conditions[408]. This paper 
describes a series of measurements designed to quanhfy these phenomena. The QE and light and 
dark J-V characteristics of a $,et of CdTe devices were measured, then devices were subjected to 
various combinations of stresses within the parameter space of 0-70 mW/ cm2 illumination, -0.5 V 
to +5 mA/ cm' electrical bias I and temperatures from 72" to 1 12°C. The device characteristics were 
measured and changes are intxpreted in the context of an equivalent circuit which includes the 
effects of both the main junction diode, series resistor and a rectifying back contact. 

4.2 CdCl, TREATMENT 

4.2.1 Vapor CdCI, Treatment 

4.2.1.1 Introduction 

Several approaches to fabrica:e high efficiency CdTe/CdS thin film solar cells rely on post 
deposition heat treatment of the CdTe/CdS structure by CdCl, in air to enhance the device 
performance [409-412]. The treatment usually consists of coating the CdTe surface with a 
saturated solution of CdCl, in methanol, drying, heat treating the CdClJCdTe/CdS structure in air 
at -400°C for 10 to 30 minutes, and rinsing or etching the stnicture prior to the contacting process. 
This approach is susceptible to spatial variability and irreproducibility depending on the uniformity 
of the CdCl, layer produced by the wet application technique [413](pp. 69-74). Module 
fabrication processes would have to contend with the application, recovery and recycling of the 
CdCl, containing solutions. F'urther, analytically quantifying the action of the CdCl, on the 
CdTe/CdS structure is limited by the coupling of the CdCI, concentration and the reaction 
temperature. 

Previously, we have demonstrated that physical vapor deposited CdTe films could be recrystallized 
by CdC1, vapor at 25 torr with a CdTe and CdC1, separation of several centimeters [414] (pp. 42- 
46). The reaction uniformly axcrystallized the CdTe films and produced devices having 9-10% 
efficiency. The experimental configuration, however, did not allow determination of the CdCl , 
vapor phase concentration at the CdTe surface. Zhou, et. al. [415] demonstrated >lo% efficient 
devices using a vapor treatme it with either CdCl, or HCl on CdTeKdS deposited by a high 
temperature process. More recently we demonstrated that >lo% efficient devices could be 
achieved by treatment at atmospheric pressure by placing the CdC1, in close proximity to the CdTe 
surface [416]. This configura1.ion does not permit the variation of the parameters over a wide range 
because the CdCl, vapor phase concentration is fixed by the CdTe temperature. In the present 
work a new approach is described which overcomes these limitations and which allows the critical 
treatment parameters to be studied in detail. 

4.2.1.2 Experimental 

Thin films of CdTe and CdS were grown on In,O,:Sn (ITO) coated 7059 glass by thermal 
evaporation from CdTe sourcc powder. Prior to CdTe deposition the 0.2 pm thick CdS films were 
heat treated with CdCl, vapor to reduce optical absorption and to minimize diffusion of Te into 
CdS during subsequent proce ;sing [417]. 

The treatments were perfomed by exposure of the CdTe/CdS films to vapor generated from a 
powder CdCl, source in a qua= reactor fitted with temperature controlled graphite susceptors 
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heated externally by FCM lamps in linear housings. The CdCI, source powder was evenly 
distributed in a graphite susceptor supported on a quartz frame with a milled central cavity. A mica 
mask was used as both a separator and radiative/thermal insulator between the source susceptor 
and the thin film sample. A second graphite susceptor rested on top of the thin film sample to 
provide independent heating control. Using a CdTe/CdS/ITO/glass sample with an embedded 
microthermocouple, the time needed to heat the sample to 400°C was measured to be 40 seconds. 
The time to heat the CdCl, susceptor to 400°C was measured to be 20 seconds. Thus, the heatup 
rate of the susceptors, not the characteristic diffusion times (-2 sec), controls the time to reach 
equilbrium conditions in the reaction zone. 

Evaluation of the effects of CdC1, vapor phase concentration and reaction temperature was made by 
independently controlling the temperatures of the thin film (T,) and the CdCI, source (T,): 1) T, > 
T,; 2) Tf = T,; 3) Tf < T, (CSVT mode). Two types of heating profiles were employed: delayed 
heating to allow the CdTe/CdS sample to reach thermal equilibrium before the CdCl, and unison 
heating to simulate the conditions of CdC1,-coated samples. To prevent CdC1, condensation on the 
CdTeKdS in cases 1 and 2 due to mismatched heating rates, the CdTdCdS was heated prior to and 
cooled after the CdCl,. Atmospheric pressure treatments were conducted under flowing gas at a 
total flow rate of 0.94 l/m at one atmosphere total pressure. The system was pumped to < 50 
mTorr prior to backfilling, which, for vacuum and argon treatments established a maximum 
oxygen partial pressure of <10 mTorr. 

Film surface morphology and average grain size (AGS) were assessed by scanning electron 
microscopy (SEM). Energy dispersive spectroscopy (EDS) was used to examine the chemical 
composition of the CdTe surface after treatments. Optical transmission and reflection were 
measured in the wavelength region near the CdTe bandedge for evidence of S diffusion into CdTe. 
Scanning x-ray diffraction (XRD) patterns of the films were taken with Cu ka radiation using 
Bragg-Bretano focusing geometry to determine the normalized (1 1 1) orientation parameter, p( 1 1 1) 
[418] and the precision lattice parameter [419]. High resolution x-ray diffraction scans of high 
order (hkl) reflections were made to assess alloying between CdTe and CdS. To maximize 
detection sensitivity of the thin layers at the CdS-CdTe interface, the absorptive loss of signal in the 
overlying CdTe was overcome by using films thinner than the penetration depth for that x-ray 
energy and Bragg angle. Either -2.5pm thick CdTe films were employed, or thicker films (4-5 
pm) were thinned after processing by a polishing etch with a buffered solution of &Cr,O,:H,SO,, 
such as Dichrol. Devices were completed by use of the diffused copper contacting process 
described elsewhere [420]. Light and dark current-voltage (J-V) traces and quantum efficiency 
measurements were used to determine conversion efficiency and spectral response changes within 
the devices. 

4.2.1.3 Estimation of CdCl, Vapor Concentration 

To understand the behavior of the gases in the reaction zone, the mass and thermal diffusion 
characteristics were determined for the reactor geometry in all thermal modes of operation. The 
results of this modelling show that the characteristic times to reach thermal equilibrium in air at 1 
atm and mass transfer equilibrium are less than 2 seconds for isothermal reactions with a 2 mm 
separation between sample and CdCl, surface at 40O0C, assuming no mass transport out of the 
reaction zone. Table 4-2 lists the CdCl, equilibrium vapor phase concentration, number of 
collisons with CdTe surface per unit area per second, and the saturation pressure [421] for the 
temperatures listed in the reaction zone. 

Thermometric and gravimetric measurements of the source and substrates in isothermal mode 
verify the assumptions of the model. In CSVT mode at T,=420°C and T~320"C the CdC1, 
deposition rate on glass agreed with the model prediction, providing a check on the assumption that 
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the CdCI, powder reaches the susceptor set point temperature. 

Table 4-2 CdCI, vapor phase heat treatment reactor equilibrium conditions for 
isothermal reactions. 

[CdCl,] at Cd'Te Surface Collisions 
CdC1, ("Cl) xlO-'O (mol/cm3) x10i7 [#/cm2/s) (mTorr) 

0.325 

1 ~ 1  

1.33 5.62 
420 2.06 8.79 9.0 
430 3.16 1.36 14.0 
450 7.15 31.1 32.7 

4.2.1.4 Material Result,g 

4.2.1.4.1 Thermal Effelcts 

Table 4-3 presents the materials data for treatments conducted in bottled air under isothennal, Tf = 
T,, and other thermal conditions. Isothermal treatments with delayed heating at 380"C, 410"C, 
420°C and 430°C show increasing grain size with temperature as has been observed for the 
CdC1,:methanol method [421 I .  The grain structure and morpliology obtained after vapor treatment 
at 410°C and 430°C for 20 minutes are shown in Figure 4-3. EDS of the surfaces showed no 
evidence of residual C1. The extent of S diffusion, even at 430°C, is substantially less than that 
obtaimd by the CdC1,:methanol method at 410-420°C. 

Fixing the CdCl, concentration at 1 mTorr and increasing the reaction temperature from 380T to 
450°C resulted in progressive grain growth at 38O0C-42O0C but produced a two layer structure 
with underlying grains that arc of comparable dimension to those found with the isothermal case at 
420°C. Fixing the reaction teinperature at 420°C but increasing the CdCl, concentration produced 
similar grain size to that obtained under isothermal conditions at 420°C but, as expected, the 
surface was coated with denditic clusters of CdCI, which rinsed away in methanol. 
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Table 4-3. Treatment conditions and materials results for 4.5 pm CdTe/0,2pm 
CdS films before and after processing by CdCI, vapor treatment. All samples 
were processed with delayed heating except the last. 

380 380 45 1.3 0.9 6.480 0.1 1.2 
420 380 20 1.3 1.2 6.477 0.6 1.1 
420 380 45 1.3 1.2 6.477 0.6 1.1 
450 380 20 1.3 2.0 6.478 0.5 0.9 

Figure 4-3 CdTe surface SEM photograph (5000X) after isothermal CdCl, vapor 
heat treatment at 410°C (left) and 430°C (right). 

Decoupling the CdC1, temperature from the reaction temperature shows that reaction temperature 
has a strong effect in controlling the grain growth, and the two treatment times used for 420/380°C 
demonstrates that the grain growth is not kinetically limited in the time spans examined. Sulfur 
content in CdTe is constant for fixed CdCl, concentration at reaction temperatures above 380°C but 
increased to -1% by increasing the CdCl, concentration with T(CdC1,)=45O0C. In general, the 
recrystallization reduced the (1 1 1) preferred orientation from the as-deposited condition. 
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Repeating the isothermal case at 420°C but varying the thermal heat-up history of the CdTe/CdS 
film and the CdCI, source prclduced distinct differences in the final structure. Unison heating of 
the CdTe/CdS and CdCl, promoted a flat morphology with uniform grain size. The x-ray 
diffraction results of these films shows extensive diffusion of S diffusion into the CdTe compared 
to all of the delayed heating reactions (Figure 4-4). The delayed heating method results in a sharp 
diffraction peak with a small tail extending towards the position of the solubility limit for S in 
CdTe,-,S, [405] and is consis:ent with the low S incorporation shown in Table 4-3. The unison 
heating produced extended di'fusion profiles with alloy layers out to the solubility limit for S in 
CdTe,-,S,. 

Figure 4-4 High resolution (511) XRD profiles of CdCI, vapor treated films 
exhibiting very different degrees of S diffusion. 

4.2.1.4.2 Oxygen Effects 

Treatment in Ado, mixtures and at reduced total pressure allowed investigation of the effects of 
oxygen on film properties and devices. Isothermal reactions at 420°C for 20 minutes with delayed 
heating were employed to perrnit evaluation of the influence of oxygen concentration on the S 
diffusion. Table 4-4 shows materials data for 2.5 Fm CdTel0.2 pm CdS films treated with CdCI, 
vapor under different 0, concentrations at 420°C for 20 minutes. All cases were treated in Ar:O, 
except the reduced pressure case which was treated under d y n i c  roughing pump conditions with 
residual ambient air. Progressive grain growth was obtained with increasing 0, concentration at 1 
atm. total pressure. At very high 0, concentration, S diffusion is greatly enhanced. The (51 1) 
XRD peak profiles for the highest 0, case resembles the highly alloyed case of Figure 4-4. The 
optical transmission curves, normalized for reflection, show a progressive shift in location of the 
CdTe bandedge towards lower energy with increasing oxygen that is consistent with formation of 
alloy layers with increasing S content (Figure 4-5). The case treated at reduced pressure exhibited 
no measurable interdiffusion and retained a high degree of (1 1 1) preferred orientation. Similar 
results were obtained on struciares with 4.5 pm thick CdTe, which were processed into devices. 
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Table 4-4. Grain size and x-ray diffraction results for films before and after 
treatment at 420°C for 20 min at different pressure and 0, concentration. 

Wavelength (nm) 
Figure 4-5 Normalized optical transmission curves for CdTe/CdD films of 
Table 4-4: a) as deposited, b) 0.01 , c) 190, d) 380, and e) 570 mTorr 0,. 

4.2.1.5 Device Results 

J-V data for samples treated with CdCI, vapor under various conditions of temperature and 
atmosphere are shown in Table 4-5. For the isothermal reactions, the device performance is 
comparable to that obtained by CdC1,:methanol treatment and is optimal at treatment temperatures 
of 420°C to 430°C. We find that the fill factors of devices across each sample are uniform within 
25 re1 %. 
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Table 4-5 Device result!; for samples treated with CdCI, vapor. CdCl, partial 
pressures are based on Table 4-2. 

At reduced CdCl, concentration (T=380°C) but spanning reaction temperature from 380°C to 
450°C there was little difference in V,, JX, and FF with reaction temperature in spite of very 
different grain size. However, at a reaction temperature of 42!0"C, increasing the CdC1, 
concentration from 1 mtorr to 33 mtorr improved the V,, to the range obtained in isothermal cases. 
Thus, for reactions at one atmosphere total pressure of ax, isolthermal reactions in the range of 
420°C to 430°C yield comparable performance to the CdC1,:methanol method, but with improved 
uniformity and reproducibility. This suggests that the beneficial modifications of the CdC1,:air 
ambient mixture are optimal when the CdTe films are at the temperature required to maintain the 
CdCl, at equilibrium in the raige from 5 to 10 mtorr. 

Oxygen concentration, which was shown to affect interdiffusion and grain growth in the materials, 
does not appear to play an effjciency limiting or enhancing role in the range explored. The 0, 
concentration influences the consumption of CdS and could be used to control that process, either 
by allowing ultrathin layers to survive processing (low 0, concentration), or by deliberately 
promoting consumption (high OJ to either produce an ultrathin layer from a thicker starting layer 
or to tailor the CdTe bandgap slightly. 

The quantum efficiency spectra of vapor treated devices are siimilar to those treated by 
CdC1,:methanol but exhibit reduced interdiffusion, evidenced by the long wavelength cutoff [406]. 
For devices treated at high 0, concentration, the short wavelength response for 350-550 nm was 
higher due to reduction in CdS thickness by the S diffusion. 

4.2.1.6 Conclusions 

Treatment of CdTeKdS thin films with CdCl, vapor can be used for processing of high efficiency 
devices. Reactions in isothernial mode replicate materials and device results obtained with the 
commonly used CdC1,:methariol method. The vapor approach produces uniform modification of 
film properties and chemicallj clean surfaces resulting in uniform device performance. The 
materials and device uniformiiy are not contingent on uniform deposition of CdCl, on the CdTe 
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surface. The absence of rinsing and drying steps makes the vapor processing a favorable approach 
for large area reactions. The extent of grain growth and interdiffusion can be controlled to some 
extent by the thermal history and oxygen content of the ambient. Greater than 11% conversion 
efficiency was achieved with films treated in wide range of oxygen partial pressures at 420°C to 
430°C. 

4.2.2 Materials Analysis of CdCI, treated Films 

4.2.2.1 Introduction: 

Post-deposition processing of polycrystalline CdS/CdTe solar cells with CdCl, has been 
demonstrated to improve cell efficiency by improving the electrical properties of the films for 
photovoltaic operation [409]. In many cases the treatment also produces significant structural 
changes which are coupled to the electronic properties of the semiconducting layers and which can 
impose limits on device performance. Treatment or exposure to CdC1, is a component of every 
process for fabricating high efficiency CdTe solar cells, regardless of CdTe film formation 
temperature. For example, films which are fabricated from sintered powder slurries are processed 
with CdC1, additives at temperatures of 600-700°C to encourage grain growth and film 
densification r422-4251. Other devices, such as those deposited by physical vapor deposition 
(PVD) and molecular beam epitaxy, receive a lower temperature treatment to achieve efficiencies in 
the 11 to 13% range [426,427]. They are coated with a CdCl,:CH,OH solution, dried, then heat- 
treated at 400°C. Cells formed by electrochemical deposition receive an analogous treatment 
where they are synthesized in a plating bath containing C1 ions to produce a C1-doped CdTe layer 
and then heat-treated at 400°C for 30 minutes [428]. 

Many effects of the CdC1, processing on the CdTe/CdS layers have been observed but their 
significance to device operation have not been quantitatively explained. For example, grain growth 
in both the CdS and CdTe layers is greatly enhanced, while porosity is minimized [409,422-4281, 
but among the different high efficiency devices represented, a considerable range of grain size, 
porosity and film orientation is found. Previous work has also established that substantial S 
diffusion occurs in CdTe films over a wide range of thermal processing temperatures [422-426]. 
A significant degree of S diffusion has also been noted following 400°C treatments with CdC1, in 
which consistent shifts were observed in the CdTe x-ray diffraction spectra, CdTe optical 
absorption edge, and the CdTe spectral response cutoff in CdS/CdTe solar cells [406,409,426]. 
In addition, secondary ion mass spectroscopy (SIMS) has shown that the average S content of the 
CdTe film increases as the distance to the CdS/CdTe interface decreases [429]. During high 
temperature treatments, T > 500"C, S diffusion into CdTe is believed to have led to homojunction 
formation within the S-rich portion of the CdTe,-,S, layer [424,425]. These observations are all 
consistent with the diffusive transport of S into CdTe during CdCI, processing which reduces the 
CdS window layer and forms a CdTe,-,S, layer. Likewise, Te diffusion into CdS produces 
CdS,-,Te,, which reduces the high energy portion of the device spectral response, resulting in 
lower current densities. Recrystallization treatments of the CdS layer have been developed which 
limit the extent of this process [430,43 11. The extent of the CdS consumption establishes a lower 
limit to the thickness of CdS that can be employed to achieve high efficiency. Control over the 
effective CdS thickness obtained after processing is thus critical to achieving high current densities 
while retaining the junction properties of the CdTe/CdS, which controls the open circuit voltage of 
the device. Loss of the CdS layer will result in formation of a CdTe l-xSxLFCO junction having 
inferior performance [430]. 

This paper examines recrystallization and S diffusion in CdTe at -400°C through a detailed 
analysis of CdTeKdS structures before and after the CdCI, treatment as a function of treatment 
time. The treatment temperature and time range used in this work were selected to be in the range 
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used to make high efficiency devices. Macroscopic and microscopic materials analyses were 
performed to assess changes .n structure and composition of the CdTe layer. 

4.2.2.2 Experimental: 

4.2.2.2.1 Film Deposition and CdCI, Treatment 

The CdS/CdTe cells were prepared in a superstrate configuration, so that light enters the cell 
through the transparent conductive oxide (TCO) coated glass superstrate. First, 0.2-0.5 pm of 
CdS were deposited at 200°C by evaporation onto indium tin oxide (JTO) coated 7059 glass 
substrates. CdTe elms of several thicknesses, 0.5, 1,2, and 4 pm, were then evaporated at a 
growth rate of -8 A/s  and a substrate temperature of 250°C on top of the CdS layers. These 
deposition conditions yielded uniform single phase CdTe films. For transmission electron 
microscopy (TEM), samples with 2 pm CdTe on 0.5 pm CdS were deposited on polished Si 
wafers coated with ITO. To ensure that the CdTe/CdS deposited on this substrate yielded 
comparable electrical performance to the standard cells, a semi-transparent Au layer was used as 
the contact to CdTe to allow b ackwall current-voltage measurements to be made. Comparable 
backwall performance was obtained from the two device structures. 

The CdTe/CdS/IT0/7059 samples were coated with 0.8 pm of solid CdCl, by placing 1 drop per 
cm2 of 1% (wt) CdCl,:CH,OH solution on the top surface of the CdTe film, then evaporating the 
CH,OH in a drying oven at 85°C. During the subsequent air heat-treatment, the samples were held 
at 415°C for either 10 or 30 minutes. Thermal transients were minimized by rapid introduction and 
withdrawal of the samples from the hot zone of the furnace tube. The heat-treatment step was 
followed by a rinse in deionized water to remove most of the residual CdC1, coating. 

4.2.2.2.2 Microscopy M!easurements 

The CdTe grain sizes were del errnined using the method of Heyn [432] from the top surface of the 
CdTe film and from polished 00 degree sample cross-sections using scanning electron microscopy 
(SEM). The CdTe grains were clearly distinguishable on the top surface of the samples once they 
had been rinsed. Polished anc etched 90 degree cross-sections were prepared by vacuum 
impregnating in epoxy, polishing with 0.05 pm alumina grit, then rinsing in hot water. 

The CdTe grain boundaries in the polished samples were revealed by first polishing in a 0.0125% 
(wt) Br,:CH,OH solution and then reacting in a 0.1M CuCUdeionized water solution (adjusted to 
pH=2.25 through addition of IKl) at 65°C for 30 to 60 seconds. The reaction, CdTe + 2CuCl-> 
CdCl, + Cu,Te, occurs prefer€ ntially along grain boundaries. To reveal the grain boundaries, the 
Cu,,Te was etched in a 0.2M KCN/water solution at 65°C for 30 seconds. After each step, the 
samples were rinsed with roori temperature, deionized water and dried. 

TEM and energy dispersive x-ray spectroscopy (EDS) was used to examine the cross-sectional 
grain structure and composition on a CdTe/CdS/ITO/Si sample before and after heat treatment with 
CdCl, [433]. 

4.2.2.2.3 X-ray Diffraction Measurements 

The x-ray diffraction (XRD) p 3tterns of the CdTe films were generated using a computer controlled 
Philips/Norelco diffractomete1 with Bragg-Bretano focusing geometry and CuK, radiation. Wide 
angle 2q scans from 20 to 80 degrees taken at 0.05 degree steps were used to identify the phases 
present in the samples. The Rxhinger correction [435] was used to remove a, components for 
lattice parameter determinatior and peak profile examination. Errors in peak centrum location 
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lattice parameter determination and peak profile examination. Errors in peak centrum location 
associated with specimen placement and geometry were corrected using the function of Nelson, 
Riley, Sinclair, and Taylor (NRST), so that the CdTe film lattice parameters could be precisely 
determined [435-4371. The sulfur content, x, of the CdTe,-,S, film was determined quantitatively 
from the lattice parameters by assuming a Vegard's relation: 

x = 1.508(6.481-a) 

Equation 4-1 

where a is the lattice parameter of the sample. 

The degree of preferred orientation in the films was calculated from the a, peak intensities of the 
broad scans using the method of Harris for polycrystalline fiber texture analysis [418]. For the 
{ 1 11 } reflection, the orientation parameter, p( 1 1 l), is defined: 

Equation 4-2 

where N is the number of peaks in the region considered, I(hkl) is the measured intensity of peak 
(hkl), and &(hkl) is the relative intensity of the corresponding peak from a powder reference. For 
p( 11 1) = N, all the grains of the films are oriented in the e1 1 1> direction normal to the substrate, 
while p( 1 1 1) = 1 indicates random grain orientation, and p( 1 11) < 1 indicates preferred orientation 
along an axis other than <111>. 

Diffraction scans at 0.01 degree steps were acquired at constant counts per step to obtain constant 
signal to noise ratio from sample to sample for individual peak profile determination. The peak 
profiles were assumed to represent the entire sample alloy composition range resulting from 
diffusion of S into CdTe. To ensure the validity of this assumption, primary and diffracted beam 
attenuation, which increases surface selectivity, was minimized by using samples less than 3 pm 
thick. One film was mechanically separated from the TCO/glass and remeasured from the CdS 
side, yielding the same diffraction profile. To obtain adequate angular resolution, higher order 
peaks such as the (422), (5 11) and the (53 1) were measured. The extent of S diffusion into the 
grains was shown to be independent of the grain orientation with respect to the substrate surface by 
examining all (hkl) peak profiles on a single sample. Profiles exhibiting high symmetry, and 
therefore low diffusion tails, were fit to a Pearson VII function [438] to determine the full width at 
half maximum (FWHM) for comparison with the diffractometer instrument function. In cases of 
high asymmetry, Fourier deconvolution of the diffractometer instrument function was performed to 
establish the limits of compositional broadening. 

4.2.2.2.4 Optical Absorption Measurements 

Optical transmission, T(h), and reflection, R(h), of the CdTe/CdS/ITO/glass structures were 
measured on a Perkin-Elmer Lambda 9 spectrophotometer and were transformed to an effective 
absorption coefficient, ae&h) to allow comparison of the absorption edge location after the various 
treatments. For this, the effective absorption coefficient of the structure was determined by: 
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Equation 4-3 

where d is the thickness. Plc ts of a 
the absorption edge due to the alloying of CdTe and CdS over a sufficient film thickness to 
influence the overall absorption. The S content of the absorbing layer was estimated by 
comparison of the shift of the absorption edge with that reported for kinetically limited or 
metastable CdTe,-,S, thin films [405,439] in which the CdTe bandgap, Eg, is reduced due to 
formation of CdTe,,S, alloy5 from x=O to 1 according to: 

versus energy were used to determine relative shifts in 

Eg(x) = 1 . 7 4 ~ ~  - 1 .01~  + 1.51 14361. 

Equation 4-4 
, 

Equilibration of alloy films at -400°C leads to a miscibility gap from x=5.8% to x=97% but with 
similar Eg versus x dependenlze over the alloy existence region. 

4.2.2.3 Results: 

4.2.2.3.1 Microscopy 

As-deposited films have laterd grain size of -0.1-0.25 pm depending on film thickness. Films 
heat treated at 415°C without CdC1, for up to 30 minutes have similar structure to as-deposited 
films, with little observable change in grain size or morphology. However, substantial grain 
growth occurs for samples coated with CdCl, (Table 4-6). Figure 4-6 (a-i) shows SEM top 
surface micrographs of 0.5, 1. and 2 pm thick CdTe films for as-deposited (a-c) and CdC1, treated 
at 415°C for 10 minutes (d-f) and 30 minutes (g-i). For the different CdTe fdm thicknesses there 
is a trend toward larger final grain sizes with thicker CdTe films and with longer heat treatment 
times, although for the 2 pm thick films, the average grain size is the same after 10 and 30 minutes 
of treatment (Table 4-6). After 30 minutes of treatment there are no detectable sub-micron grains, 
and the grain boundaries meet at 120" angles, as expected for ;a film in equilibrium [440). 

Table 4-6. 
parameter, and (111) peak intensity for CdTe powder and for CdTe films in 2 pm 
CdTe/O.S pm CdS/ITO/glass structures. 

Tabulated values of grain size, orientation parameter, lattice 

Sample Condition 

Powder - 
Film As Deposit( 
Film lo', 30' and 6C 

no CdC1, 
Film 10' HT with C 
Film 30 HT with C 
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Figure 4-6 SEM top surface micrographs (x 5000) of 0.5, 1, and 2 pm CdTe/O.5 
pm CdS/ITO/glass structure in as-deposited condition (a-c); after heat treatment at 
415°C for 10 minutes with CdCl, (d-f); and after heat treatment at 415°C for 30 
minutes with CdCI, (g-i). 

Cross-section SEM micrographs in conjunction with top surface micrographs show that the 
increase in grain dimension extends down to the CdTeKdS interface as shown in Figure 4-7 for 
4.5 pm and 2.0 pm thick CdTe samples. The micrographs in Figure 4-7 demonstrate that the 
coalesced CdTe grains after CdCl, heat-treatment are at least as wide as they are deep. This is quite 
different from the as-deposited microstructures, which are difficult to analyze by SEM analysis, 
since the grain sizes are less than 250 nm. 

I 

a b 

Figure 4-7 SEM cross-section micrographs (x 5000) of 2 pm and 4 pm CdTe 
samples after heat treatment at 415°C for 30 minutes with CdCl,. 

105 



Cross-section TEM analysis was carried out on as-deposited 2 pm CdTe/O.5 pm CdS samples and 
the same samples CdCl, treatcd at 415°C for 30 minutes. The: micrographs of the 
CdTe/CdSATO/Si cross-sections suggest that the as-deposited CdTe grains are epitaxial with the 
underlying CdS grains and art: highly faulted and columnar (Figure 4-8). Spot TEMEDS analysis 
showed no evidence of S or Te interdiffusion in the asdeposited films. Selected area electron 
diffraction of the individual layers showed that the CdTe film is predominantly cubic, while the 
CdS film contains a mixture af cubic and hexagonal phases. High resolution lattice imaging 
confirmed that the CdTe grain s are epitaxially related to the CdS grains[433]. Recrystallization of 
the as-deposited film is thus e iergetically favored, since it will reduce the strain energy within the 
CdTe layer arising from the - 10% lattice mismatch between the CdS (001) and the CdTe (1 1 1) 
planes. After heat treatment with CdCl,, TEM imaging (Figure 4-9) shows substantial grain 
growth in both layers with little or no epitaxial coordination between the CdS and the CdTe. The 
TEM micrographs show thernial grooving at the surface of the CdTe near the grain boundaries and 
independent restructuring of the CdS and CdTe films, resulting from reduction in the interfacial 
energy. Selected area EDS mtzmrernents indicated S and Te interdiffusion across the interface 
after treatment. 

Figure 4-8. TEM cross-section micrograph of 2 pm CdTe/O.S pm CdS/ITO/Si in 
as-deposited condition. 
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Figure 4-9 TEM cross-section micrograph of 2 pm CdTe/O.S pm CdS/ITO/Si after 
heat treatment at 415°C for 30 minutes with CdCl,. 

4.2.2.3.2 Wide Angle X-Ray Diffraction Scans 

Wide angle x-ray diffraction scans were made on all samples: as deposited, treated without CdCJ, 
treated with CdCl, at 415°C for 10 and 30 minutes. The XRD scans show that recrystallization of 
the CdTe film occurs during heat treatment with or without CdCl,. Figure 4- 10 specifically 
compares wide angle scans of an as-deposited sample to two samples cut from the same piece and 
treated for 10 minutes at 415°C in air. One of the samples was coated with CdC1, prior to the heat 
treatment. The as-deposited film shows a very strong { 1 1 1 } texture with p( 1 1 1) = 4 . Heat- 
treatment at 415°C for 10,30, or 60 minutes in the absence of CdCb produces a modest degree of 
sharpening of the individual peaks, and a reduction of preferred orientation to p( 1 11) = 2.3. Heat- 
treatment of CdC1,-coated samples at 415°C for 10 minutes, however, produces near-random 
orientation of the grains, with p( 11 1) e 2. The samples treated with CdCL, exhibit additional peaks 
in the patterns due to residual CdCl, phases on the CdTe surface after treatment. 
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Figure 4-10 Wide angle XRD scans of 2 pm CdTdO.5 pm CdS/ITO/glass 
structure in as-deposited condition (a), after heat treatment at 415°C for 10 
minutes with no CdCl, (I)), after heat treatment at 415°C for 10 minutes with 
CdCl, (c) and after heat treatment at 415°C for 30 minutes with CdCl,. 

Heat treatment without CdC1, shifted all the diffraction peaks slightly towards higher angle, while 
treatment with CdCI, shifted and broadened the diffraction peaks towards higher angle. Table 4-6 
summarizes the changes in grzin size, orientation pararneter, precision lattice parameter, and 
FWHM obtained with and without CdCl, during heat treatment. The as-deposited films appear to 
be strained, with lattice paramter greater than expected for CdTe. The increase in 
<hkl> growth axis can be explained by a compressive stress perpendicular to the growth axis, i.e., 
in the growth plane. The TEM results described above suggest that the heteroepitaxial nature of the 
CdTe-CdS films can account for strain in the as-deposited films given the - 10% lattice mismatch 
between atoms in the CdS (001) and CdTe (1 1 1) planes. Heat treatment without CdCI, relieves the 
strain, which produces the observed reorientation and shift in a0 to that expected for pure CdTe. 
Consistent with prior work, [425,428] the heat treatment with CdC1, shifts the centrum of the 
CdTe peaks toward smaller laitice parameter. This is explained by the diffusion of sulfur into 
CdTe to form a CdTe,-,S, solill solution, since S substitutes onto Te sites in the CdTe lattice and 
has a smaller atomic rahus than Te which reduces the interatomic bond length in the molecule. 

along the 

4.2.2.3.3 Narrow Angle X-ray Diffraction Scans 

High resolution scans of all (hkl) diffraction lines show the same profile, indicating that the CdS- 
CdTe mixing process is independent of crystallographic direction. Analysis of the (5 1 1) CdTe 
diffraction peaks before and alter CdCI, processing were made to illustrate the strain relief and 
compositional variations promoted by the CdCI, processing. Figure 4-1 1 shows the (5 11) peak 
profile of a 1 prn thick CdTe film in the as-deposited state and after 10 and 30 minute CdC1, heat- 
treatments at 415°C. The evolution of the profile indicates either a strain state or compositional 
inhomogeneity in the CdTe film. Our subsequent analysis is based on the latter assumption, given 
the supporting evidence of the TEMEDS and SIMS measurements. 
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Figure 4-11 XRD (511) profile of 2 ym CdTe/O.5 pm CdS/ITO/glass structure in 
as-deposited condition (a), after heat treatment at 415°C for 10 minutes with 
CdCI, (b), after heat treatment at 415°C for 30 minutes with CdCl, (c). 

In Figure 4-1 1, the centrum of the as-deposited (5 1 1) peak profile again has larger d-spacing than 
expected for pure, unstrained CdTe. The FWHM of the (5 1 1) peak is approximately twice that of 
the diffractometer instrument function. After 10,30 and 60 minutes of treatment without CdCI, 
and 10 minutes with CdC1, the peak shifted to d-spacing expected for pure CdTe and sharpened to 
the value obtained for the diffractometer instrument function. Grain coalesence reduced small- 
particle scattering and relieved the strain which sharpened the peak and shifted the lattice parameter. 
After 30 minutes of treatment with CdCI, the peak profile is a doublet having a significant tail 
extending towards lower d-spacing and lattice parameter. 

Fourier deconvolution of the diffractometer instrument enction from this profile indicates two 
strong maxima centered at a, = 6.478 A and a, = 6.459 A, corresponding to compositions of x= 
0.5% and x= 3.3%, respectively in CdTe,-,S,. The high angle tail extends to the solubility limit 
found for S in CdTe [405,406]. Chemical removal of the top micron of film eliminated the high 
component of the diffraction profile so the low S portion of the film was removed. Thus, the 
S-enriched portion lies in the region of the structure closest to the CdS-CdTe interface. The 
resulting profile is similar to the profiles obtained from thinner CdTe samples treated under exactly 
the same conditions as in Figure 4- 1 1. This implies that the compositional distribution with depth 
is obtained that is independent of the total CdTe thickness and suggests a rapid diffusion process 
near the CdS-CdTe interface. Thus, treatment with CdC1, results in CdS-CdTe mixing that cannot 
be accounted for by a simple single step diffusion process. In curves b and c of Figure 4-12, for 
1.0 pm and 0.5 pm thick CdTe films, the primary peak has shifted to the lower lattice parameter, 
indicating conversion of most of the film to CdTe,-,S, with x = -5%. In a 1 pm CdTe film, this 
corresponds to an equivalent CdS film thickness of -40 nm that is consumed during the 
processing. 
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Figure 4-12 XRD (511) profile after heat treatment at 415°C for 30 minutes with 
CdCl, of 2 pm CdTe/O.S pm CdS/ITO/glass structure (a), 1 pm CdTe/O.S pm 
CdS/ITO/glass structure (b), and 0.5 pm CdTe/O.S pm CdS/ITO/glass structure 
( 4  

4.2.2.3.4 Optical Absorption Measurements 

A plot of the square of the absorption coefficient versus photon energy is shown in Figure 4-13 for 
the 2 pm CdTel0.5 pm CdS sanples of Table 4-6. All samples exhibit similar absorption profdes 
and the energy shifts caused by the different treatments are listed in Table 4-7. 
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Figure 4-13 Absorption coefficient squared versus energy for 2 pm CdTe/OS pm 
CdS/ITO/glass structure in as-deposited condition (a), after heat treatment at 
415°C for 10 minutes with no CdCI, (b), heat treatment at 415°C for 10 minutes 
with CdCI, (c), and heat treatment at 415°C for 30 minutes with CdCI, (d). 

Table 4-7. Tabulated values of relative energy shifts from the as-deposited film 
at a2 = 5 x lo1’ cm-’ in Figure 4-13 and the corresponding S content. 

Sample Condition AE(meV) % S  

b lo’, 30’ and 60’ HT 19 1.95 
a As Deposited 0 0 

no CdC1, 
C 10’ HT with CdC1, 20 2.05 
d 30 HT with CdCl, 28 2.95 

The samples treated for 10,30 and 60 minutes without CdCl, and 10 minutes with CdC1, exhibited 
the same reductions in the energy of the absorption edge with formation of a CdTe,-,S, layer 
containing -2 % S .  After treatment for 30 minutes with CdCl,, however, the composition of the 
lowest bandgap absorbing layer corresponds to 

CdTe,-,S, containing -3% S .  At first glance, these compositions do not seem to be supported by 
the diffraction data, but the diffraction data is least sensitive to thin layers near the interface, while 
the optical data is most sensitive to highly absorbing layers of low bandgap, as expected near the 
interface. Thus, in the region of the interface, treatment at 400°C with or without CdC1, produces 
some intermixing of CdTe and CdS. This mixing is the primary mechanism for relieving elastic 
strain in as-deposited samples. For the sample treated with CdC1, for 30 minutes, the optical 
measurements indicate the presence of a layer with 3% S while the diffraction data consistently 
exhibits a maximum at -3% but tails that extend to 5 6 %  S ,  at the solubility limit for S in CdTe 
[405,406]. It is speculated that the higher S content regions do not form a continuous film of 
sufficient thickness to control the optical properties in the plane parallel to the interface. Thus, the 
higher S content regions (3-6% S )  may exist along grain boundaries or other defects. 
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4.2.2.4 Conclusions: 

As-deposited evaporated Cd'I'dCdS thin film structures consiist of single phase columnar CdTe 
grains that are pseudo-epitaxially oriented on mixed cubic and hexagonal phase CdS films. The 
CdTe film is highly strained the to lattice mismatch and is free of sulfur. 

Heat treatment of the structur=s at 415°C without CdCl, produces little or no detectable grain 
growth but relaxes interfacial strain due to a small amount of interfacial CdTe-CdS mixing. The 
treatment also induces some randomization of the CdTe film orientation with respect to the < 1 1 b  
axis. 

Heat treatment with CdCl,, nceded to produce high efficiency devices from the evaporated 
materials, induces dramatic grain growth of both the CdTe and CdS layers, reduces surface and 
interfacial energy, promotes significant CdS-CdTe interdiffusion, and randomizes the CdTe film 
orientation. The recrystallization occurs in a time frame of -10 minutes at 415"C, while 
interdiffusion is progressive up to 30 minutes and may involve more than one transport process to 
account for the doublet diffraztion peak profiles observed. Further work is necessary to identify 
the mixing processes and their dependence on CdCI, concentration, reaction temperature and 
treatment time. The region near the original CdS-CdTe interface consists of a CdTe,,S, alloy with 
x" 5%, which is the equilibrium solubility limit for S in CdTe. The extensive alloying forms a non- 
uniform CdTe,,S, layer and consumes a significant quantity <of CdS from the device. This 
establishes a lower limit to the CdS film thickness that can be employed while still retaining a 
discreet CdS coating on the TCO. 

4.3 CdTe-CdS ALLOYS AND DEVICES 

4.3.1 INTRODUCTION 

Interdiffusion between the window and absorber layer materials occurring during the processing of 
CdS/CdTe-based solar cells has been widely reported [409,441-4441. The diffusion of Te into 
CdS results in the alloy, CdS,,Tey, which features a wurtzite structure and a lower band gap than 
CdS. Thus, the diffusion of ?'e into the window layer has been observed to decrease the J,, of the 
device [430,442]. Similarly, the diffusion of S into CdTe results in the zincblende structured 
alloy, CdTe,-,S,, which features a lower band gap than CdTe. The effect of the formation of this 
alloy on device performance i,; difficult to estimate. A correlation between higher V, and 
enhanced interdiffusion has been claimed by at least one group [a]. The lower band gap could, 
conceivably, result in a lower V, and higher Jso but the better lattice match and corresponding 
reduction of interface states could also raise V, by lowering J,. The possible effects of a 
difference in the native defect density between CdTe and the CdTe,-,S, is also open for 
speculation. 

As a further complication, sulfur diffuses into the CdTe during processing more quickly along 
grain boundaries than into the bulk of the grains [413]. This process results in a spatially non- 
uniform composition in the at: sorber layer conceivably resultiing in two or three dimensional 
effects, and in a non-uniform consumption of the CdS window layer possibly resulting in 
pinholes. 

The significance of the interdiffusion process will clearly depend on the composition of the alloys 
formed . If the diffusion process were allowed to continue long enough, the window layer would 
eventually contain the solubility limit of Te in CdS, and, provided that the CdS layer was 
sufficiently thick, the absorber layer would contain the solubility limited amount of S in CdTe. 
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These solubility limits have previously been measured only at temperatures no lower than 650°C 
[445]. 

In the work presented here, the solubility limits of S in CdTe and Te in CdS at typical temperatures 
used for device processing are derived by growing alloyed thin films with compositions within the 
miscibility gap and heat treating them in the presence of CdCl,. Conventional CdTe/CdS devices 
are then compared to devices where the alloy composition of the absorber layer is uniformly at the 
solubility limit of S in CdTe, and to CdTe/ITO devices which contain no sulfur in the absorber 
layer. 

4.3.2 EXPERIMENT 

4.3.2.1 Alloyed Film Fabrication and Characterization 

Thin films of CdTe,-,S, were grown on glass, In,O,:Sn (ITO)/glass, and CdS/ITO/glass substrates 
by co-evaporation of CdS and CdTe at substrate temperatures of 200 and 250°C. Energy 
dispersive spectroscopy (EDS) was used to measure the overall atomic composition of the films. 
X-ray diffraction (XRD) analysis was used to determine the structures of the phases within the 
films. The atomic compositions of each phase within the films were estimated by using a Nelson- 
Riley-Sinclair-Taylor plot to extract a lattice parameter from the XRD peak positions, and then 
applying Vegard's law. 

The optical transmission and reflection of the films were measured and used to estimate the 
absorption constant, a. The linear portion of (ahn)* verses hn was extrapolated to obtain an optical 
band gap. 

4.3.2.2 Film Treatment 

The alloyed films were subjected to one of two CdCl, heat treatment methods. In the traditional 
surface method, CdCl, was deposited directly on the film [409]. In the vapor method, CdCI, was 
kept at distance 4 . 1  mm away from the film surface 4161. In both cases, the CdCl, and film were 
heated in air at 415 to 420°C. 

4.3.2.3 Device Processing 

Conventional CdTe/CdS solar cells were made by vacuum evaporation of -200 nm CdS and then 
-5 pm of CdTe onto ITO/glass substrates. These structures were given a CdC1, vapor treatment in 
$y air at 420°C for 20 minutes. Back contacts were made to the devices by the deposition of 100 
A of copper, diffusion of copper into the film by heating at 180°C for 30 minutes in an argon 
atmosphere, etching away the copper remaining on the surface with a solution of bromine in 
methanol and then applying graphite paste 14461. Indium solder applied to the IT0 served as the 
front contact. 

CdTe,-,S, /CdS/ITO, CdTe,~,S,/ITO, and CdTe/ITO solar cells were produced in a manor very 
similar to the conventional CdTe/CdS cells. The CdTe,-,S, layers were deposited with a sulfur 
content of x=5 to 6%. The processing conditions used for each of the four device structures 
compared in this work are given in Table 4-8. The 200°C copper diffusion temperature was found 
to be critical to obtaining satisfactory CdTe,-,S,/CdS devices. The CdTe,-,SJCdS devices treated 
at 180°C typically suffered from low J,,, vojtage dependent collection, and blocking contact 
behavior. For the CdTe/ITO device, a 500 A thin insulating layer of IT0 was deposited on the 
2OIR/square IT0 substrate prior to CdTe deposition. The use of this layer improved the J,, and 
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consistency of these devices. The use of an insulating IT0 la.yer with CdTe,-,S,/CdS devices has 
not yet been explored. 

Table 4-8 Device Processing Conditions (CdS thickness, substrate temperature 
during absorber layer dt!position, as-deposited sulfur content, and copper 
diffusion temperature) and Performance Characteristics. 

Device 
Structure 

CdTe/CdS/ITO 2( 
CdTe/i-lTO/lTO 

CdTel- 

CdTel-xSx/ITO 
xSx/CdS/rrO 

4.3.3 RESULTS AND IIISCUSSION 

4.3.3.1 Properties of As Deposited Films 

As-deposited CdTe,-,S, films grown on ITO/glass and glass substrates were produced with overall 
atomic compositions ranging From x= 0 to 0.45. XRD analysis revealed that films with x < 0.3 
were predominately single phase having a zincblende structure. Films with 0.35 < x < 0.45 
contained the wurtzite modification. The composition of the dominant phase in each as-deposited 
film closely matches the overall composition of the film (see Figure 4-14), even when the overall 
composition is well within the miscibility gap shown on published pseudo-binary phase diagrams 
for the CdTe-CdS system. The miscibility gap on these phase diagrams extends from x=O. 16 to 
0.86 at 650°C E4161 and should be even wider at lower temperatures due to the smaller influence of 
the entropy on the free energy of the system. Therefore, these films demonstrate that single phase 
material of either structure may be created with compositions within the miscibility gap. The 
variation of optical band gap with composition was found to agree well with the data of [439]. 
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Figure 4-14 For each as-deposited film grown on ITO/glass substrates, the 
composition of the dominant phase, as determined by XRD analysis, is plotted 
against the average composition of the film, as measured by EDS. The solid line 
indicates where the two compositions are equal. 

4.3.3.2 Response to CdCI, Treatment 

XRD analysis revealed that heat treatment in the presence of CdCl, at 415°C caused the films with 
x>6% to segregate into two phases. The phase segregation process for one film is shown in 
Figure 4-15. It is felt that the phase distributions of the as-deposited films were either metastable 
or kinetically controlled, and that heat treatment drove the films towards equilibrium. The rate of 
phase segregation was affected by the sulfur content of the films and the CdCl, treatment method, 
but the end-point composition was not. If the CdC1, is assumed to only promote the phase 
segregation process, then the compositions of the two phases after heat treatment may be taken as 
measurements of the solubility limits of S in CdTe and Te in CdS, respectively. The 415°C 
solubility limit of S in CdTe is, thus, x'=0.058&0.003, and the solubility limit of Te in CdS is 
y '= [Te]/( [ SI +[Te])=O .03&0.0 1. 

115 



100 
!30 
I30 - :70 8 v 

mx (50 
S !io 

5 40 
30 5 * ;!o 
IO 
0 

a, 

0 10 20 30 40 50 60 
TOTAL HEAT TREATMENT TIME (min.) 

Figure 4-15 Composition of the zincblende structured (diamonds) and wurtzite 
structured (squares) phasles in a film with an average composition of 40.3% as a 
function of CdCI, treatment time. 

The grain structure of the CdTe,,S, films after CdC1, treatment was found to be quite different 
than the structure of CdTe films, even when x was less than the solubility limit. A surface layer is 
suggested by the cross-sectional view shown in Figure 4- 16. A preliminary EDS analysis 
indicates that the surface layer may be richer in sulfur than the bulk. Clearly, the grain 
restructuring that occurs during CdCl, treatment is significantly influenced by the presence of 
sulfur in the film. 

(a) (b) 

Figure 4-16 Cross-sectioiial Scanning Electron Micrograph of (a) an alloyed film 
with a sulfur content [S]/'([S]+[Te])=O.O5, and (b) a CdTe film. The - 5 pm 
thick films received identical CdCl, heat treatments. 

4.3.3.3 Device Results 

As shown in Table 4-8, a CdTe,,S,/CdS device with efficiency near 11% was obtained. The 
current-voltage characteristics of th~s device are comparable to those of the conventional CdTe/CdS 
device (see Figure 4-17). In comparison, the CdTe/ITO device features a high Jsc due to the 
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absence of absorption from CdS (see Figure 4-18), but suffers from low Voc. The best of the 
CdTe,-,S,/ITO devices made so far, suffer from even lower V, and voltage depend collection. It 
is not yet known whether these problems can be improved by adjusting the processing conditions. 
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Figure 4-17 Current-voltage characterstics under standard AM1.5 global 
illumination conditions of the four devices listed in Table 4-8. 
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Figure 4-18 The spectral response under light bias of three of the devices listed 
in Table 4-8: (1) a conventional CdTeKdS solar cell, (2) a CdTeATO solar cell, 
and (3) a CdTe,-,S&dS solar cell. 

The similarity of the CdTe,-,S,/CdS device and the conventional CdTeKdS device is further 
emphasized by the region of the spectral response near 850 nm where collection drops due to the 
band edge of the absorber material. That the drop in collection at the band edge of the conventional 
CdTeKdS device closely matches the CdTe,-,S,/CdS device rather than the CdTe/l'TO device 
indicates that sulfur content of the conventional device must be near the solubility limit in the region 
close to the junction where the majority of photons are absorbed. The band edge of the CdTemO 
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device stands apart from the Dthers because, of the devices studied, it is the only device with a non- 
alloyed absorber layer after processing. 

The physical difference between the CdTe,-,SJCdS and CdTdCdS device structures is primarilly 
the uniformity of the alloy composition in the absorber. The absorber of the CdTe,-,S,/CdS device 
was deposited with a sulfur content of x=5%. Since this is close to the solubility lirmt of S in 
CdTe, little to no increase in the sulfur content due to diffusion of S from the CdS layer was 
expected to occur during the cell processing. We believe, therefore, that the composition of the 
absorber layer of these cells is uniformly 5 to 6%. This is in contrast to the sulfur content in the 
absorber of conventional CdTe/CdS devices which has been found, after processing, to approach 
6% near the CdS interface, and be less than 1 % throughout the bulk of the material [405]. 

The difference between the u niformity of the absorber layers is evident only in the long wavelength 
tail of the spectral response m here light penetrates more deeply into photon energy, it is seen that 
the band edge of the CdTe,,S,/CdS device is uniformly -25 r V  lower than that of the CdTe/ITO 
device (see Figure 4-19) which is consistent with the lower band gap of the alloy. While the 
spectral response of the c0nvt:ntional device matches that of the CdTe$,/CdS device in the high 
absorption region, at lower energies, where light is absorbed more uniformly though the absorber, 
the response tends towards that of the CdTe/ITO device. These results indicate that the bulk of 
absorber contains much less snlfur than the interface region. 
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Figure 4-19 Long wavelength edge of the dark spectral response plotted against 
photon energy of (1) a conventional CdTe/CdS solar cell, (2) a CdTeATO solar 
cell, and (3) a CdTe,-,S,rCdS solar cell. 

4.3.4 CONCLUSIONS 

Predominately single phase thin films of CdTe,,S, have been deposited by vacuum co-evaporation 
with compositions within the miscibility gap of the CdTe-CdS alloy system. These films phase 
segregated upon CdC1, heat treatment allowing a determination of the solubility limits of S in CdTe 
and Te in CdS. CdTe,-,S, films with a uniform composition near the solubility limit of S in CdTe 
were grown on CdS/ITO substrates and processed into devices. The J-V characteristics and 
spectral response of these devices are very similar to conventional CdTe/CdS devices processed in 
a similar manner. In other wcrds, the alloy formation due to the diffusion of S that takes place 
during processing of conventional CdTe/CdS devices results in device behavior very similar to that 

118 



of devices with alloy composition at the solubility limit of S in CdTe uniformly throughout the 
absorber. These results suggest that two or three dimensional effects due to the spatial non- 
uniformity of alloy composition do not play a significant role in conventional devices with 
efficiencies up to 11%. 

4.4 HCI VAPOR TREATMENT 

4.4.1 Introduction 

Fabrication of high efficiency CdTe/CdS thin film solar cells using CdTe deposited by non- 
screenprint or spray methods relies on a post-deposition treatment of the CdTeKdS structure with 
CdC1, to improve the junction properties [410,411,447]. The most widely used treatment 
technique involves coating the CdTe surface with a CdC4:methanol solution, evaporating the 
methanol, heating at temperatures near 400"C, and rinsing the surface. However, this treatment is 
not amenable to high-throughput large scale processing due to problems associated with uniform 
application of the CdCl, coating, removal of post-treatment residues, and safe management of large 
quantities of the Cd salt. Alternative techniques such as evaporating CdCl, onto the CdTe [448], 
or reacting the CdTeKdS in either CdCl, vapor [402,414,415] or C1, vapor [415] have been 
shown to be suitable substitutes and are more amenable to large scale processing. Of these, the C1, 
offers advantages with respect to vapor generation and Cd toxicity. Dilute mixtures of HC1 offer 
another possibility. In this paper we report on the effects of treatment of physical vapor deposited 
CdTeKdS structures in HCl vapor as a function of HCl concentration and treatment temperature. 
The effects on both materials properties and device performance are considered. 

4.4.2 Experimental Considerations 

There are several practical concerns that must be considered when performing the heat treatment 
(HT) in HC1. These issues not only played a role in developing the procedures reported herein, 
but may also be important in evaluating the commercial potential of this process step. 

4.4.2.1 Source Gas 

Initially the experiments were conducted using HC1 gas generated by bubbling Ar through 
concentrated (25 Mol%) hydrochloric acid and the HC1 concentration in the anneal ambient was 
determined from the integrated gas flow and the amount of HCI measured by titration in an exhaust 
bubbler. Bubbling Ar through hydrochloric acid led to experimental difficulties related to 
excessive H,O vapor and poor control of HCl concentration. The origin of these difficulties is 
attributed to the fact that the HCl-KO system has an azeotrope such that liquid condenses (as on 
tubing or reactor walls or even the inside of the acid beaker) at a concentration of about 11 Mol%. 
The vapor in equilibrium with this condensed liquid is approximately 97 Mol% H,O [449,450]. 
In practice, the system displayed considerable hysteresis with respect to the measured HCl 
concentration. Once HC1 had been introduced into the system its was difficult to remove it, and 
conversely, in freshly cleaned apparatus the HCI concentration was less than expected. 

Another concern is the effect of humidity on the HT. From the literature we know that dry HCl is 
not very reactive and that reactions with dry HCl often take place only in the presence of catalysts 
whereas hydrogen chloride in water (hydrochloric acid) is an aggressive reagent [449,450]. For 
both of these reasons it was decided to change the source gas from Ar bubbled through 
concentrated hydrochloric acid to dry HCl mixed with Ar. As condensation is to be avoided, at no 
time should the humidity of the source gas reach a level at which condensation occurs. 

119 



4.4.2.2 Oxygen 

The effect of 0, in the ambient HT gas could not be investigated because at T -400 "C, heating in 
mixed HCl and 0, produces coatings of solid CdCl, and Te layers on top of the CdTe surface. 
Earlier work has shown that (31, reacts with CdTe to form CdCl, and Te [413]. In practice this 
reaction appears to dominate any other effect, such as oxygen doping, that might occur during the 
HT. 

4.4.3 Experimental Techniques 

4.4.3.1 Sample Preparation 

The samples have the supersb-ate spcture of 7059 glass/ITOKdS/CdTe. IT0 was deposited by 
sputtering to a thickness of -:!OW A and sheet resistance of -20 msq. Both CdS and CdTe were 
deposited by thermaloevapora50n with substrate temperatures of 200°C and 275°C and film 
thicknesses of 2200 A and 5 pa ,  respectively. 

4.4.3.2 Experimental Apparatus 

The HCl post-deposition treatment was conducted in an evacuatable tube furnace system. Before 
each run the furnace was evacuated with a mechanical pump to -0.1 torr and backfilled with high 
purity Ar. Two thermocouples were installed in the system, one was used for furnace temperature 
control and the other for measuring sample temperature. Commercial 5% HCI in Ar from 
Matheson was used as the HCI source. The concentration of HCl in the reaction chamber was 
reduced by adding additional .4r. 

4.4.3.3 Experimental Parameters 

Samples were divided into two groups. One group was used to study the effect of HCI 
concentrations of 0,0.5%, l.ti%, 3.0% and 5% during a HT at a temperature of 400°C for 30 
minutes. The second group cT'as used to study the effect of temperatures of 380,400,420 and 
440°C with a fixed 5% HCl concentration for 30 minutes. 

After the film properties had been measured, back contacts were applied using the "diffused Cu" 
method [446] and applying carbon paste electrodes. The irregular shape of these electrodes led to 
-10% uncertainty in the detennination of device area and therefore of the current density. 

4.4.4 Characterization 

4.4.4.1 Film Morphology and Grain Size 

The effects of treatment on the surface morphology and chemical composition were measured by 
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The average 
grain size (AGS) was calculatcd by dividing the length of a line drawn across the SEM micrograph 
by the number of intersections with grain boundaries and then dividing by the magnification. 

4.4.4.2 Preferred Crystal Orientation 

The degree of preferred (1 1 1) orientation, p( 1 1 l), was quantified from x-ray diffraction scans 
using the method of Harris for polycrystalline fiber texture analysis [418]. For the (1 11) peak this 
quantity is: 
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Equation 4-5 

where N is the number of peaks in the region considered, I(hkl) is the measured intensity of peak 
hkl, and Io(hkl) is the relative intensity of the corresponding peak from a powder sample. In this 
case p( 1 1 1) = 9 means that the film is completely (1 1 1) oriented while p( 1 1 1) = 1 implies perfectly 
random distribution. 

4.4.4.3 Optical Measurements 

Transmission and reflection were measured to determine the absorption edge location, which 
allows shifts in the bandgap, AI+, to be observed. The bandedge is expected to shift due to the 
formation of the CdTe,-,S, as a result of interdiffusion near the CdTe/CdS interface. The shift was 
measured with respect to the absorption of as-deposited CdTe which has been confmed by XRD 
measurements of lattice constant to have x = 0. The value of x was estimated assuming linear 
variation of Eg over the range 0 to 6% [451]. The shift in bandgap was determined from a plot of 
the absorption coefficient squared versus energy. 

4.4.5 Results And Discussion 

Results of the above measurements for films heated at 400 "C in various HC1:Ar concentrations are 
listed in Table 4-9; results for films heated at various temperatures at 5 vol% HC1:Ar are listed in 
Table 4-10. 

Table 4-9 Film parameters vs HCkAr concentration ( ~ 0 1 % )  during a 30 min. HT 
at 400°C. 
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Table 4-10. Film parameters vs temperature during a 30 min. HT in 5 vol% 
HC1:Ar 

P ( W  d ( W  m g  [SI, x 
kO.01 (mev (%) 
(A) 

1.9 3.76 -10 -1.0 
3.2 3.77 -15 -1.5 
1.8 3.75 -15 -1.5 
0.8 3.75 -20 -2.0 

4.4.5.1 Film Properties 

SEM and EDS analysis picturcs show that the surfaces of samples treated in HCl+Ar are clean and 
without residue. 

Thermally evaporated as-deposited CdTe films have an average grain size of -0.7 pm for 5 pm 
thick films. Figure 4-20 and Figure 4-21 show the surface structure for films heated in various 
HC1:Ar concentrations and temperatures. The measured average grain sizes are listed in Table 4-9. 
HC1 in the anneal ambient clearly promotes grain growth; heating without HC1 produced no change 
in average grain size. This confirms that HCI (as CdCl, does) may work as a flux which breaks 
down atomic diffusion barriers at grain boundaries and thereby promotes grain growth. The 
average grain size increases with increasing temperature over the range of 380 to MOT, but only 
in the presence of HCI. 

0.0 % 0.5 % 1.6 % 3.0 % 5.0 % 

Figure 4-20. SEM photo!; of the surface of CdTe films heated at  400°C for 30 
minutes at the HCkAr concentrations indicated. The scale bar is one micron. 

Figure 4-21 SEM photos of the surface of CdTe films heated in 5 %  HCI for 30 
min. at the indicated temperatures. The scale bar is one micron. 

122 



It was found that for thermally evaporated as-deposited CdTe films, p( 1 1 1) is usually in the range 
of 4 - 7. After post-deposition heat treatment in HCl+Ar for 30 minutes p( 1 1 1) usually decreases 
to the range of 1-3. In addition, the data listed in Table 4-9 suggest that for these samples there is 
also a decrease in the lattice constant. 

Plots of the square of the absorption coefficient versus energy are shown in 4-22 and Figure 4-23 
for the CdTeKdS structures treated at 400°C for 30 minutes at varying HC1:Ar concentration and at 
various temperatures in 5% HC1:Ar.. With increasing HCl concentration the optical absorption 
curves indicate a decrease in bandgap. The bandgap shift with HCl concentration suggests that the 
effect of the HCl reaches the CdTeKdS interface, perhaps through grain boundaries, and enhances 
interdiffusion. 
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Figure 4-22 
films treated at 400°C for 30 minutes at the HC1:Ar concentrations shown. 

Plot of absorption coefficient squared versus energy for CdTeKdS 

Figure 4-23 
films treated in 5% HC1:Ar for 30 minutes at the temperatures indicated. 

Plot of absorption coefficient squared versus energy for CdTe/CdS 

4.4.5.2 Cell Results 

The effect of HCl concentration on the dark and light J-V behavior of devices is shown in Figure 
4-24, for increasing HCl concentration from 0 to 5%. From the light data we note that carrier 
collection, as determined from the magnitude and slope of the curve near Jsc, improves with HCl 
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concentration. It is not clear whether increasing concentration above the range included in this 
study would produce results similar to those obtained using CdCl, treatments. Figure 4-24 also 
shows that the light-dark crossover is less severe at the higher HCl concentrations suggesting that 
conductivity increases with €IC1 concentration. The mechanism for this is not apparent. In 
addition, it was noted that hysteresis between forward and reverse voltage sweeps was reduced at 
higher concentrations as well. 

The effects of process temperature variations are summarized qualitatively in Figure 4-25. 
Changing the temperature of the heat treatment in 5% HCl over the range 380 to 440 "C had 
minimal effect on light or dark J-V behavior. The scatter in data is such that no trends are evident 
in either the light or dark J-V data. In addition, all of the HCl heat treated devices are characterized 
by strong light-dark crossover in the fist quadrant and poor collection efficiency. 

Figure 4-24. Dark and light J-V data for devices made from films heat treated for 
30 min. at 400C in various HCkAr concentrations. 
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Figure 4-25 Dark and light 3-V data for devices made from films heat treated for 
30 min. in 5 % HCl at various temperatures. 

4.4.6 Conclusions 

Treatment of CdTe/CdS thin lilm structures in dilute mixtures of HC1 vapor at 380°C to 440°C 
promotes similar microstructural changes in the structure to treatment with CdCb. While not yet 
optimized for high conversion efficiency, this shows promise as an alternative to treatments with 
CdC1,. The structural propert es are sensitive to both HCl concentration and treatment temperature. 
However, the device performance, particularly the short circuit current and fill factor, are highly 

124 



sensitive to HCl concentration but only slightly sensitive to treatment temperature. Achieving 
higher efficiency than demonstrated here will require exploration of a wider parameter space, 
including higher HCl concentration and multiple step treatments, such as HCl treatment followed 
by air treatment. Some of the difficulties associated with the use of hydrochloric acid as the vapor 
source and with using HCl:02 mixtures have been identified. 

4.5 STRESS TESTING OF CdTeKdS DEVICES 

4.5.1 Introduction 

The most delicate feature of the CdTe/CdS device is believed to be the low loss back contact. Low 
resistance contacting methods typically involve use of Te-rich interfaces or p-type semiconductors 
such as HgTe or ZnTe, or thin layers including small amounts of Cu [452-4541. Some devices 
subjected to stress testing or life testing display high series resistance and/or evidence of a reverse 
diode - both characteristics which could be attributed to the back contact. It has been reported 
[455] that reverse voltage bias at elevated temperature causes rapid degradation of device 
parameters and that this effect can be, at least, partially reversed by the application of a forward 
bias. Similar effects have been observed with devices produced in our lab. Analysis of the IEC 
light J-V curves indicated that there were at least two mechanisms responsible. Reversible effects 
included increases in series resistance and decreases in J, of the reverse diode upon application of 
reverse bias (with opposite changes upon forward bias); permanent effects included an additional 
increase in series resistance and a reduction in collected photocurrent [456,457]. At this point it is 
not clear whether all CdTe devices display these effects or have the same sensitivity to these 
stresses. 

4.5.2 Experimental Procedure 

Devices evaluated in this study had the standard superstrate structure of 
glass/TCO/CdTe/CdS/contact. The sodalime glass/ SnO,:F/CdS/CdTe supplied by Solar Cells Inc. 
was cut into 2.5 x 2.5 cm pieces from a 7200 cm2 superstrate which had been coated and 
processed using SCI’s normal procedures up to the point of completion of the post-deposition heat 
treatment [415]. The devices were completed using the “diffused Cu” back contact processing 
[446], sputter deposition of Mo contacts through a mask, mechanical scribing, application of a 
room temperature curing urethane insulator. Electrical contact was made using Ag epoxy (Acheson 
Electrodag -80021) which was cured in Ar at 140 “C for -10 minutes. In order to facilitate the 
subsequent depth profiling, in selected devices the Ag epoxy was applied only to the perimeter of 
the cell. Wire leads were soldered to the exposed SnO, pads using Indalloy solder a04. The 
leads were necessary to apply and maintain voltage bias on the devices during stressing and were 
used for making all J-V measurements. 
Devices were not encapsulated, but all stressing was done inside a glove box with flowing N,. 
Inside the glove box relative humidity was less than 2% at 50” C; oxygen content was not 
determined. 

Prior to beginning the stress testing, devices have been screened to select those whose J-V data are 
analyzable. Devices exhibiting excessive series resistance (>lo f2 cm’), shunting conductance 
(>1 mS/ cm2), or hysteresis were rejected as were devices whose dark J-V characteristics could 
not be described with a simple diode (apparent diode quality factor 22.0 ). Minimum acceptable 
V, and FF were 0.75 V and 60%, respectively. A total of 16 devices meeting these criteria were 
selected for testing. The active area of these devices was estimated and set to 0.6 cm2. Of these 
devices, four were stressed only with temperature (no electrical or light stress), two were stressed 
with temperature and electrical bias (-0.5 Volts and +5 mA/ cm2 ) and the remaining 10 were 
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stressed with temperature, illumination ( -70 mW/ cm2 ) and electrical bias (see Table 4-1 land 
Table 4- 12). 

Illumination was provided bj, tungsten filament spot lamps and was, therefore, quite "red" 
compared with the AM 1.5 GI obal spectrum. The intensity was estimated from the short circuit 
current of the CdTe cells mounted in the stress test station. 

Table 4-11 
devices ( -70 mW/ cm:! ) 

Electrical bias and temperature stress conditions for illuminated 

182°C 192°C 11'12°C) 

Table 4-12 Electrical bias and temperature stress conditions for devices stressed 
in dark 

)72"C188"C 1104°C i 

J-V data were recorded at various intervals during the stress testing. In addition, devices were 
removed and room temperature J-V (at AM1.5 Global illumination and dark) and spectral response 
were also recorded prior to arid at various times during stress testing . Total time under stress was 
720 hrs. 

4.5.3 Analysis 

The most striking differences between the initial and final (720 hrs.) measurements occured in the 
J-V characteristics. These are examined in the context of a simple equivalent circuit containing a 
diode, a constant resistance (f$) and a non-linear contact resistance (&). 

V = (R, + Rc) J + (,)Ln[ AkT i] 
Equation 4-6 

Hence the the effects of series resistance (R,) and that of contact resistance (R,) can be separated 
by examining the slope or derivative of the J-V characteristic. 
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- dv = R, + [ 7][ 5 )  + - d(RCJ) 
dJ dV 

Equation 4-7 

Equation 4-7 shows that contact resistance can be separated from simple series by examining a 
graph of dV/dJ vs. 1/J in forward bias or small 1/J (see Figure 4-27, Figure 4-29, Figure 4-31 and 
Figure 4-33). 

4.5.4 Results 

All of the devices held under stress conditions exhibited a reduction in V,, and FF. These 
reductions could not be due to either shunting effects or a loss in light generated current. 

4.5.4.1 Electrical Bias 

There were major differences in the J-V characteristics of devices stressed with reverse bias (-0.5 
V and Jsc) compared to those stressed at forward bias (+5mAlcm2 and Vw). Those held in reverse 
bias exhbited larger reductions in J,,, V, and FF compared to those held in forward bias. 
Examination of the J-V curves (Figure 4-26 to Figure 4-29) help explain why. The increase in 
series resistance is larger for devices held at reverse bias. This can be seen in both the J-V and 
dV/dJ graphs and can account for at least some of the differences seen in Voc, FF and Jsc. 

In addition, there is another qualitative difference between devices stressed with forward or reverse 
bias; this is the appearance of a blocking contact resistance for devices held at forward bias. It can 
be seen most clearly in the dV/dJ graph of Figure 4-29. This is probably due to the development 
of a rectlfying contact at the back of the CdTe. 

4.5.4.2 Illumination 

There were no obvious or consistent differences in the J-V characteristics of illuminated devices 
compared to those stressed in the dark. 

4.5.4.3 Temperature 

All of the changes noted previously were either accelerated or increased in magnitude when the 
temperature was increased (Figure 4-30 to Figure 4-33). This suggests that all of the mechanisms 
noted are thermally activated. 
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Figure 4-26 Light and Dark J-V characteristics before and after 720 hours stress 
at 92" C under illuminatiLon and -0.5V bias. 
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Figure 4-27 Dark dV/dJ vs. 1/J before and after 720 hours stress at 92" C under 
illumination and -0.5V bias. 
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Figure 4-30 Light and Dark J-V characteristics before and after 720 hours stress 
at 82" C under illumination and held at Voc. 
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Figure 4-31 Dark dV/dJ vs. 1/J before and after 720 hours stress at 82" C under 
illumination and held at Voc 
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Figure 4-32 Light and Dark J-V characteristics before and after 720 hours stress 
at 112" C under illumination and held at V,, 
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Figure 4-33 Dark dV/dJ vs. 1/J before and after 720 hours stress at 112" C under 
illumination and and held at Voc. 
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4.5.5 Conclusions 

In the specially prepared CdTe devices that have been subjected to stresses beyond normal 
operating conditions there appears to be changes that are associated with stress temperature and 
electrical bias. It is not clear whether there is a dependence on illumination level. One effect is 
promoted by reverse bias and affects primarily the bulk CdTe properties as indicated by the 
severity of the light-dark crossover of the J-V curves. Another effect is promoted by forward bias 
and results in the strengthening of a reverse diode. Finally there are changes in both the light 
generated current and Jo whose magnitudes are also bias and light dependent. The data were 
recorded on a limited data set, 16 samples, and using a single method of device preparation. 
Additional experiments as well as other samples prepared by various groups are necessary to 
confirm or refute these result:;. 
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6. ABSTRACT 

This report describes results achieved during the a four year subcontract to develop and understand 
thin film solar cell technology related to CuIn1-,GaXSe2, a-Si and its alloys and CdTe. 
Accomplishments during this phase include: 

e Fabrication of 15% efficient CuInl-,GaxSe2 cells over a wide range of Ga compositions 
(x 50.5). 

Fabrication of uniform single phase Cu(GaXInl-,)Se2 films and solar cells from the selenization 
of Cu-In-Ga precursors with the optical bandgap and device results expected for the precursor 
composition. 

Development of ~ L C  n-layers which have allowed fabrication of a-Si devices with efficiencies as 
high as 10%. 

e Completion of the analysis and measurements that quantify the improvement in performance of 
a-Si solar cells due to optical enhancements from a wide range of TCO texture substrates and 
back reflectors. 

e Development of uniform and reproducible vapor phase CdC12 treatments for CdTeKdS films 
that have translated into greater consistency in device performance. 

e Characterization of the CdTe-CdS alloy system at typical solar cell processing temperatures in 
order to elucidate the role of interdiffusion in CdTeKdS-based solar cells. 

Development of a HCl vapor treatment of CdTeKdS films that promote changes in the 
structure of the films similar to those treated with CdCl,. 

In addition to these in-house activities, IEC has maintained an active role in the collaboration with 
over ten different PV and thin film research and development organizations. 
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