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EXECUTIVE SUMMARY 

1. Improved Understanding of Stability in Materials and Solar Cells 

We have degraded films of a-Si:H and solar cells with a-Si:H i-layers using an 

ELH light source under different light intensities. It is found that a-Si:H films deposited 

with H2-dilution of Si€& gas, not only show lower defect densities in the annealed state 

than the a-Si:H films prepared with pure Si&, but also better stability against light 

soaking. The improvement in material stability is found to translate directly into an 

improvement in device stability. Specifically, a direct correlation between the degradation 

of the diluted solar cells and their intrinsic films has been established in this study. Both 

diluted cells and films deposited at different substrate temperatures were found to reach a 

steady state of degradation under AM1 illumination within 100 hours. This distinct 

difference in kinetics from the undiluted materials and cells, and the ability to reach steady 

state degradation in less than 100 hours, are being utilized as a new probe for improving 

our understanding of the mechanisms limiting cell stability. 

During this phase we also studied the stability of cells with atomic H treatments at 

the p/i interface as well as those with a-Sil,C,:H absorber layers. We found that a 

combination of H2-dilution during i-layer deposition of the p-z-n cells and atomic H 

treatment at thep/i interface resulted in substantial improvement in the V, of the a-Si:H 

cell and its stability against light soaking. Cells made with a-Sil-,C,:H i-layers give higher 

open-circuit voltages in the annealed state than these best a-Si:H cells, but this 

improvement is offset by a much poorer stability against light soaking. As a general 

conclusion, we find that i-layer material and solar cell stability show a close correlation 

including the observations that (i) H2-dilution and atomic H treatments have led to 

improvements in the stability of both materials and cells; and (ii) incorporation of carbon 

into a-Si:H to make a-Sil,C,:H alloys leads to significant reductions in the stability of both 

materials and cells, and (iii) the improvement in a-Sil,C,:H materials and cells by H2- 
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dilution is confined to the annealed state; the gains are offset by greater instability of 

materials and cells. 

In order to establish and quanti@ the relative contributions of the bulk and p/i 

interface regions to the degradation of solar cells, degradation was investigated on 

customized cells consisting of p(a-SiC:H)-(x)i(diluted)-(4OOO~-x)i(undiluted)-n(~c-Si) 

[x=50& 150& 300A 600A] and p(a-SiC:H)-(300~)i(undiluted)-(3700~)i(diluted)-n(~c- 

Si). The results were compared with those of well characterized cells with single diluted 

and undiluted i-layers. The results indicate that the degradation kinetics of these cells are 

primarily controlled by the light induced changes in the bulk region rather than in the p/i 

interface region even though the p/i interface does play a key role in determining the V, in 
the annealed state. 

2. Novel Intrinsic Materials Optimization 

We have demonstrated that, while in the annealed state a-Si&,:H i-layers 

prepared with H2-dilution of source gases @e., Si€& + Cl%) exhibit similar 

photoconductive properties to those of H2-diluted a-Si:H materials, the gains made 

through H2-dilution are largely lost in the degraded state. A similar behavior is reflected in 

the substantial degradation in open-circuit voltage and efficiency in the corresponding p-i- 

n solar cell study. Because of the instability of a-Sil,C,:H materials and devices, emphasis 

has now been placed on obtaining wide bandgap a-Si:H films. The widening of the gap is 
being achieved by using hydrogen dilution and lower substrate temperatures. These diluted 

materials and their corresponding solar cells exhibit both higher stability and different 

degradation kinetics in comparison with those prepared without hydrogen dilution. In 

order to hrther understand the differences in stability and degradation kinetics between 

diluted and undiluted materials, studies were carried out on the degradation of these 

materials under 10 AM1 illumination. The experimental results show that, not only are the 

densities of light induced defects in the diluted materials lower, but also that their 

distributions (nature) are different than those in the undiluted materials. Numerical 
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modeling has been successfblly used to fit the results for diluted films in which charged 

defects are included. Corresponding analysis is being carried out on the undiluted films. 

3. Solar Cells Optimized for p -  and i-Layer Performance 

We have investigated the dependence of p-i-n solar cell performance in the 

annealed state on the deposition conditions. The variations in the deposition conditions 

included the deposition temperature of the i-layer (between 1 3OoC and 24OoC), H2-dilution 

of S f i  gas during i-layer deposition, and atomic H treatment at thep/i interface. We have 

found that the open-circuit voltage of the cell increases at lower i-layer deposition 

temperatures as the bandgap of the i-layer is widened, and such an increase is more 

profound in cells prepared with Hz-diluted i-layers. It is also found that an atomic Hp/i 

interface treatment results in a small but significant improvement in open-circuit voltage. 

(As noted above, this treatment also leads to higher stability.) By using the V, vs. light 
intensity characteristics combined with the simulations using AMPS, a picture is emerging 

as to what are the relative contributions from the p/i interface region, the bulk i-layer, and 

the built-in potential, vbj, to the V, under different light intensities. Comparisons have 

been made between the V, vs. light intensity characteristics on different n-i-p solar cells 

including a very high V, (1.04V at AM1) USSC n-i-p cell and a PSU p-i/ USSC n/ITO 
cell. 

We have been optimizing widegap p-layers in midgap n-i-p solar cells for high V,. 
The p-layers have been prepared using mixtures of S a ,  Cl& and TMB. The highest V, 
value achieved to date in our single-chamber system is 0.94 V, obtained by incorporating 
an a-Si:C:H p-layer prepared with high H2 dilution (R=[H2]/[SiI&]=120). Further 

improvements through the incorporation of microcrystalline p-layers in the single-chamber 

n-i-p cells have been attempted, however, these efforts have not been successfbl 

(0.851Voc1O.90 V). There are two possible reasons for the observed lack of 

improvement. First, p-layers having a high crystalline quality have not been successfblly 

obtained using the TMB dopant gas. In addition, it is necessary to apply a Hz-plasma 

treatment to the i-layer in order to obtain a high nucleation density for the microcrystalline 
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p-layers, and this process may need to be krther optimized in order to obtain higher V,. 

In order to obtain further insights, we have applied spectroscopic ellipsometry (SE) to 

characterize the €32-plasma treatments of the i-layer in greater detail. We have found that a 

number of processes occur simultaneously. First, we observe a decrease in the Si-Si bond 

packing density of the top 200-250 8, of the i-layer generated by H-incorporation (-4 

at.%) that leads to a widening of the i-layer gap by 0.08 eV at the interface. This effect has 

a time scale of -60 s. Second, we observe a gradually roughening of the i-Iayer that is due 

enhanced etching in the regions near weak bonds. This second effect occurs on a time 

scale of > 1 min, and does not saturate. Future work will focus on which of these effects 

lead to the nucleation enhancement, and which may be detrimental to the cell performance. 

Efforts have been continued in order to evaluate the effects of interfaces, 

including the TCOIp interface, on the processing-property relationships for the baseline 

cells. Three different TCO’s from Solarex, specular and textured SnOz and specular ZnO, 

were incorporated in the cell configuration with attempts to distinguish the processing 

effects on fill-factor and open-circuit voltage that are TCO-related from those are TCO- 

independent. For the current best midgap cell prepared in our single chamber system, it is 

found that the open-circuit voltage does not depend on TCO material, and in this case 

improved current-collection performance was observed for Solarex specular ZnO over 

specular SnO2. In this study, we have incorporated B-graded p-layers into midgap a-Si:H 

(single-chamber) p-i-n cells in which the i-layer is prepared from pure Si&. In the graded 

p-layers, the doping level near the interface to the transparent conducting oxide (TCO) is a 

factor of 10 higher than that at the p/i interface. Such a gradient is found to increase the 

open circuit voltage for solar cells deposited on ZnO TCO and yield fill factors closer to 

those for single-chamber cells on textured Sn02:F. It is suggested that a high I3 content 

near the ZnO/p-layer interface actually improves the contact in this case since B is an 

effective dopant for ZnO. Smaller improvements in V, also result for cells on Sn02:F. In 

the latter case, a V,, value of 0.88 V has been obtained by incorporation of the graded 

layer, an improvement comparable to that obtained upon H2-dilution of the i-layer. In 

future, we intend to incorporate this p-layer process into a cell with a H2-diluted i-layer. 
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4. Novel p-Type Materials Optimization 

We have developed novel widegap amorphous and microcrystalline p-layers 

prepared using Hz-diluted and undiluted mixtures of Si&, C&, and B(CH3)3 (TMB) that 

are to be incorporated as the top layer in the n-i-p solar cell configuration. In this 

configuration, preparation of microcrystalline or amorphous p-layers with HZ-dilution does 

not suffer from the detrimental interactions between the Hz-rich plasma and the TCO 

material as in the case of the p-i-12 configuration. High-quality amorphous Si:C:H p-layers 

doped with TMB have been obtained with a Tauc optical gap of 2.00eV, and cells 

prepared with these TMB doped amorphous p-layers appear to outperform those with 

diborane doping since the latter have problems caused by diborane CVD. However, the 

mixed-phase (microcrystalline+amorphous) materials prepared using Ha-diluted mixtures 

of Si&, C&, and TMB show poor crystallinity in comparison to intrinsic microcrystalline 

films prepared using Si& + C% and n-type microcrystalline films prepared using Si€& + 
PH3. We have investigated the processes of B- and C- incorporation in the microcrystalline 

p-layers prepared with TMB. For these layers, the transport properties appear to be 

dominated by the amorphous component and are also detrimentally affected by their high 
void volume fiaction. In the future, we plan to compare the microcrystalline films prepared 

using TME3 as the dopant source to those obtained using BF; and B a a .  

In addition, using real time SE, we have characterized the optical properties and 

gaps of our microcrystalline p- and n- layers in the actual n-i-p and p-i-n device 

configurations. These have been compared with each other, with conventional doped 

amorphous layers, and with the thicker counterparts used for property evaluation. We 

have found that the p-layer material has a more defective microstructure than the n-layer 

material, including a higher fraction of voids and amorphous component. We have also 

found that the doped microcrystalline layers exhibit an absorption onset significantly 

different in shape than both the doped amorphous layers and single crystal Si. This 

suggests that size effects, possibly quantum mechanical in nature, control the optical 

properties of these layers. Such effects are characterized by an abrupt absorption onset in 

the region from 2.1 eV to 2.3 eV yielding much weaker absorption in the region from 1.7 
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to 2.0 eV in comparison with the amorphous layers. These effects are stronger in the 

microcrystalline n-layer than in the p-layer, and provides a means for assessing the quality 

and suitability of microcrystalline layers in cells. 

5. Solar Cell Interfaces 

We have extended our studies of the p/i interface to small sub-monolayer level 

discontinuities observed in the real time ellipsometry trajectories for interfaces formed with 

TMB players. Similar but much larger shifts in the ellipsometric angle A have been 

observed for p-layers prepared with diborane and can be attributed to film formation on 

the sample surface during Ar flushing due to dopant gas-related contamination. However, 

the much smaller discontinuities associated with TMB-doped p-layers appear to be specific 

to the Ar gas flow rather than the presence of dopant gas related contamination. Similar 

discontinuities, but in the direction of film removal, were observed in this case immediately 

after the introduction of i-layer gases into the chamber, and this latter shift in A appears to 

be related to the H2 flow. A more detailed assessment of the gas switching and flushing 

procedures including an assessment of possible fluctuations in near-surface film 

temperature is being undertaken. 

We have also investigated the i /p  interface in the n-i-p cell configuration with 

intended microcrystalline Sil& p-layers with high and low C-contents. It is found that 

high C-content microcrystalline layers do not reach sufficient coverage on the z-layer to 

form a bulk layer within the desired film thickness (-200 A). The resulting incomplete 

coverage leads to an appreciably lower open-circuit voltage. We have developed H2- 

plasma treatments of the i-layer surfaces that have been used to enhance the nucleation of 
the microcrystalline Sil,C, p-layers in the n-i-p solar cells. Initially, the H2 plasma 

treatments have been performed under the same conditions as p-layer growth, but without 

the source and dopant gases. We have found that in contrast to the filament-treatments, 

significant roughening of the i-layer surface from 25 A to -60 A occurs during a 2 min 

plasma treatment. Furthermore Si-H bond formation at the top of the i-layer saturates after 

<1 min with the plasma treatment, whereas more effective hydrogenation but at a much 



slower rate (>50 min) appears to be possible with the filament. In the hture, we plan to 

optimize the plasma method more carefblly and compare the plasma and filament methods 

with regard to their effect on V, in the n-i-p cells. 

We have extended our studies on carbon compositional grading at the p/i interface 

in this phase. We have studied buffer Iayers as a function of their thickness and bandgap 

gradient in order to obtain a reasonable collection of data fiom which one can model the 

cell performance using reliable parameters. The capability of monitoring the near surface 

structure and optical properties using a “pseudo-substrate” technique is critical in this 

methodology. First, a data base of dielectric fbnctions of a-Si&,:H for O~x<0.25 was 

obtained through bulk layer characterization. Using a general formula for the dielectric 

function of an amorphous semiconductor, we were able to establish a relationship between 

the C-content and the dielectric function through a parameterization based on the general 

formula. With this relationship and using least-squares regression analysis, we were able to 

characterize the time evolution of (i) the C-content in the top 10-20 A of the bulk layer; 

(ii) the bulk layer instantaneous deposition rate; and (iii) the surface roughness layer 

thickness on top of the bulk layer during buffer layer growth. By integrating the 

instantaneous deposition rate and translating the C-content into the corresponding 

bandgap, we obtained a depth profile in the bandgap. This approach can turn out to be 

very useful not only for solar cell modeling but also for bandgap engineering of better 

devices. 

6. Device Modeling 

A new approach to device modeIing was taken in this phase using AMPS which is 

less ambitious than that originally proposed due to the absence of reliable input 

parameters. The lack of such parameters limits the ability of A M P S  to make reliable, 

quantitative predictions about the directions for improving the performance and stability of 

solar cells. This is particularly true for the p/i interface regions which are generally 

included in such modeling but whose parameters have as yet not been established in any 

detailed studies. In this approach the modeling of solar cell structures is carried out first to 



establish material parameters that are self-consistent with those derived in detailed studies 

on intrinsic material thin films. This is currently being done with Schottky bamer solar cell 

structures, which do not have the uncertainties introduced by the p/i interface regions. The 
work carried out in the EPRI program has shown that self-consistent analysis can only be 

achieved by including charged defects and that useful “operational” parameters can be 

obtained using a three-Gaussian distribution. The analysis being carried out here relies 

heavily on the work being done in that program. Both the dark I-V’s and QE’s in these 

Schottky barrier structures are very sensitive to the bulk, and in particular to its light 

induced changes so they are very useful in the “fine-tuning” of the thin film material 

parameters for the self-consistent modeling of p-i-n cells with AMPS. 
As an initial step in developing parameters that characterize the p/i interface 

regions, we have carefully measured the i-layer optical gap in a p-i-n cell after 100 8, 

deposition and after its completion (4500 A). Identical results are obtained within the 

experimental error of A10 meV. This information can be used as input in mathematical 

simulations of the performance of p-i-n solar cells. Specifically, detailed modeling of p-i-n 

solar cell performance has suggested that the i-layer material within 100 A of the ph 

interface is somehow different than that in the bulk. This modeling further suggests that 

band gap narrowing or a higher defect density (or a combination of both) occurs within 

this region. The real time SE provides an upper limit for the optical gap narrowing of 10 

meV. 
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1. Improved Understanding of Stability in Materials and Solar Cells 

1.1 Stability in a-Si:H and a-Si&:H Materials 

It is known that a-Si:H films prepared with Hrdilution are more stable against 

light soaking than a-Si:H films prepared without H2-dilution and this statement appears to 

apply to p-i-n cells as well. In order to understand the degradation behavior under 

different light intensities, we have deposited a-Si:H films and cells with and without H2- 

dilution, and degraded these films and cells under AM1 (-100 mW/cm2) and lOAMl 

(-1 000 mW/cm2) conditions. The sample surface temperatures during light soaking were 

about 28°C and 50°C for AM1 and lOAMl light intensities, respectively. 

For comparison of the role of H2-dilution, the undiluted a-Si:H film was deposited 

with 15 sccm pure Sa at 0.5 Torr and 2OO0C, while the H2-diluted film was deposited 

under similar deposition conditions but with a H2-dilution ratio R=[H2]/[S&j=lO. In this 

case, the flows of Si& and Hz were 10 and 100 sccm, respectively, and the total pressure 

was 0.5 Torr. The photoconductivity measurements for both films and dual beam sub- 

bandgap photoconductivity measurements for the diluted film are used to obtain the 

degradation kinetics of the mobility-lifetime product, p ~ ,  as shown in Figure 1, where the 

reciprocal of px is shown as a function of the AM1 soaking time. The corresponding 

densities of neutral dangling bonds, N,, estimated from the analysis of sub-bandgap 

absorption spectra, are shown as a function of the AM1 soaking time in Figure 2 for the 

H2-diluted film. a( 1.2eV), the absorption coeficient (in ern-') at 1.2 eV, is muhiplied by 

3 ~ 1 0 ' ~  to give an estimate of Nw (in cm"). H2-diluted films were also prepared as a 

knction of substrate temperature for more detailed correlation with solar cell 

performance. These results are summarized in Fig. 3 where the reciprocals of the WT- 

products (obtained at a carrier generation rate of 10l6 ~m-~s-') for films deposited at TS 

values of 240, 200 and 170°C are plotted as a hnction of illumination time. 

In Figure 1, both the H2-diluted and undiluted films show fast degradation in pz 

products from their annealed state values in the first few minutes of AM1 soaking. In the 

case of the H2-diluted film, the ~,LT product dropped by over an order of magnitude and 
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Figure 1 

0 UNDILUTED 
a H,-DILUTED 

AMI SOAKING TIME (hr) 

Dependence of the reciprocal of the mobility-lifetime product for undiluted 
and Hz-diluted a-Si:H films on AMI soaking time. Data for the annealed state 
and lOAMl degraded state are shown. 
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Figure 2 Density of neutral dangling bonds as a fbnction of AMI soaking time together 
with data for the annealed state and 100 hrs l0AMl soaked state. 
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Figure 3 The degradation kinetics of the reciprocals of the electron mobility lifetime 
products under AM1 illumination for three hydrogen diluted films deposited at 
Ts of 170, 200, and 240°C. Also shown are the values for the stabilized 
degraded state under 1 OAMl illumination. The stabilized degraded state is 
reached within 100 hours of AM1 soaking for the three films. 
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reached the stabilized degraded state after about 50 hrs of AMI light soaking. In contrast, 

the undiluted film showed continuous degradation even after 500 hrs of AM1 soaking. 

Also included in Figure 1 are the p~z products under lOAMl light soaking at 75 hrs for 

both films. It can be seen that there is a difference between the pz value at the 75 hrs 

lOAMl degraded state and that at the 500 hrs AM1 degraded state for the undiluted film. 

A smaller difference in pz for the HZ-diluted film at the AM1 and lOAMl stabilized 

degraded states is observed. The degradation kinetics of the densities of neutral dangling 

bonds, Nw, shown in Figure 2, for the H2-diluted film, however, does not show a 

corresponding fast increase in the first few minutes of soaking. The value of NW in the 

AMI stabilized degraded state also shows a difference fiom that for that in the lOAMl 

stabilized degraded state. Figure 3 which focuses on the approach to saturation reveals 

similar results to those in Fig. 1 for the H2-diluted film. Detailed density of states modeling 

is currently being applied to hrther understand the correlation between the defect densities 

and the photoconductive properties of these materials. 

1.2 Stability in a-Si:H Solar Cells 

The properties of p(a-SiC:H)/i(a-Si:H)/n(pc-Si) solar cells and their i-materials 

prepared with hydrogen dilution were compared with cells and i-materials prepared 

without hydrogen dilution, The cells and the corresponding intrinsic films were fabricated 

in a multi-chamber PECVD system with pure silane ( S i b )  and silane diluted with 

hydrogen in the ratio [H2]/[Si&]=lO. The initial performance of both types of cells 

(-4OOOA thick) fabricated without optical enhancement are quite similar but the diluted 

cells are more stable. Despite the reported importance of the interface regions in 

determining their solar cell characteristics as described later, a direct correlation between 

the degradation of the diluted solar cells and their intrinsic films has been firther 

established in this study. Both HZ-diluted cells and films deposited at different substrate 

temperatures were found to reach a steady state of degradation under AM1 illumination 

within 100 hours. The normalized efficiencies, relative to the annealed state value, as a 

fbnction of the AM1 soaking time for cells with i-layers deposited at 200°C and 170°C 
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with and without H2-dilution are shown in Figure 4. It can be seen that the cells with H2- 

diluted i-layers reached the stabilized degraded state after about 40 hrs AM1 light soaking, 

whereas the cells with undiluted i-layers were still degrading even up to 100 hrs of AM1 

light soaking. These results in conjunction with those of Figs. 1 and 3 suggest that the 

stability of the i-layers, among other factors, plays a crucial role in determining the cell 

efficiency stability. The distinct difference in kinetics from the undiluted materials and 

cells, and the ability to reach steady state degradation in less than 100 hours, are being 

utilized as a new probe for improving our understanding of the mechanisms limiting cell 

stability. 

This change in the fknctional dependence of cell performance on light soaking 

underscores the differences that can occur in the degradation of solar cells having different 

a-Si:H materials and cell structures. The fact that the stabilized states are reached in about 

100 hours rather than 1000 hours, however, makes it practical to carry out detailed 

experiments on both the kinetics as well as the stabilized, “end-of-life”, performance. The 

degraded steady state, just as the annealed state, constitutes a clearly defined “marker” for 

an unambiguous correlation of cells with materials in the degraded state. Such a “marker” 

is necessary for confirming the validity of any correlations between light induced changes 

in materials and the corresponding degradation in solar cells. Because of the difficulties 

with adhesion of diluted a-Si:H films to glass or quartz, particularly at low substrate 

temperatures, it has been difficult to obtain results on the materials used in diluted solar 

cells. The kinetics of degradation in the different cells with illuminations of AM1 and 

lOAMl are also consistent with those reported by Solarex. The 4000A p-i-n cells 

exhibited characteristics similar to those reported by them except for the J,, values which 

were those expected for non-textured TCO’s. The differences in the initial J, could be 

directly related to the differences in optical absorption, and the differences in V,, could be 

attributed at least in part to the differences in the corresponding bandgaps. 

Under AM1 illumination the undiluted solar cells continuously degrade, whereas 

the diluted cells deposited at Ts of 200, 170, and 130°C exhibit a clearly defined steady 

I 

state after less than 100 hours as illustrated in Fig. 5, where the normalized efficiencies for 

the three diluted cells are plotted versus the logarithm of the exposure time. The cell 
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parameters in the annealed and stabilized degraded states are listed in Table 1, Differences 

were observed in the degraded steady states obtained with AM1 and l O A M l  illuminations. 

For example Fig. 6 shows results for cells that were deposited at 200°C with p-type 

a-SiC:H:B and n-type pc-Si:H:P layers having identical deposition conditions and 4000A 

thick a-Si:H i-layers with (IO: 1) and without hydrogen dilution of Si&. It is important to 

note that for the diluted cell the steady state is reached in less than 100 hours with AMI 
and the degraded stabilized state with l O A M l  illumination is reached in less than 10 hours 

but at a lower efficiency, which underscores the serious limitations on the estimates made 

for ‘ end-of-life’ predictions based on any analysis of accelerated degradations carried out 

on undiluted cells and materials. In view of the previously reported lack of correlation 

between the properties of materials and cells, parallel studies were carried out on light 

induced changes in the i-layer films deposited at different Ts. 

As in the case of solar cells the diluted films deposited at different Ts also reach 

steady states of degradation in less than 100 hours of AM1 illumination. This has been 

illustrated .in Fig. 3 where the reciprocals of the electron mobility lifetime (p~) products 

obtained at a carrier generation rate of 1OI6 cm”s-’ for films deposited at Ts’s of 240, 200, 

and 170°C are plotted as a fbnction of the AM1 illumination time. Although there is no 

unique correlation between pz products and the types and densities of gap states, an 

inverse relationship is expected with quantitative correlations being obtained only after 

detailed studies. The results on the diluted solar cells clearly illustrate that direct 

correlations exist between the light induced changes in the bulk i-layers and those in 

p(a-SiC:H)/i(a-Si:H)/n(pc-Si) cells. This has not been previously demonstrated for 

“practical” solar cells having thicknesses less than -5OOOw. As indicated earlier, the 

distinctly different degradation kinetics in light induced changes in diluted and undiluted 

materials offer a new powerfbl probe for identiQing the mechanisms limiting the 

performance and stability of solar cells. Studies on customized cell structures are being 

expanded with well characterized diluted and undiluted a-Si:H materials (see Sec. 1.3). 

Upon incorporation into the various regions of the cells, they allow their respective 

kinetics and the stabilized degraded states to be utilized not only in identifjling but also in 

quantifying the different mechanisms of cell desradation. 
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Table 1 The parameters of solar cells with HZ-diluted i-layers prepared at T, values of 
200, 170, and 130°C in the annealed and AM1 stabilized steady states. 

1 TS=130"C 10.923 I 10.0 10.68 16.28 11 0.907 I 9.4 I 0.57 14.86 1 

18 
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The lack of reliable correlations between the characteristics of high performance 

cells and their intrinsic material properties was also addressed for undiluted solar cells. A 
systematic approach was developed for separating the effects of the bulk fiom those of the 

interface regions which is based on the self-consistent analysis on a variety of material and 

solar cell properties in the annealed and degraded states. The p-i-n cells, 0.4 to 1.Opm 

thick, are fabricated on specular SnOz substrates, so as not to have any optical 

enhancement effects. These cells exhibit parameters close to those for similar structures 

reported by industry, except (as expected) for J,, and the materials were what is 

commonly referred to as “device quality”. 

Since it is very difficult to obtain reliable information about the contributions of the 

bulk properties to solar cell performance from cells with one thickness, light I-V, dark I- 

V, and QE measurements were carried out on solar cells having different thicknesses. 

Examples of results are shown in Fig. 7 for a 0.4pm thick cell and in Fig. 8 for a 0.7pm 

thick p-i-n structure. The solid symbols represent the annealed state results and the open 

symbols represent the degraded state with 100 hours of A M I  illumination. In Fig. 8, the 

effect of the bulk can be seen in the much larger changes in the FF and Jsc in the thick 

structure, while the values and changes in the V, are about the same. Because there is no 

optical enhancement, the J, values in the two cells are directly determined by their 

thicknesses and the optical absorption so the changes can be accurately modeled. This is 
not the case for the comparable cells deposited on textured TCO where the differences are 

much smaller and the currents cannot be reliably quantified in terms of optical absorption. 

However because of the many adjustable parameters that are required in the analysis of 

light I-V’s, reasonably good fits can still be made with different material and interface 

parameters. It is therefore necessary to measure and self-consistently fit other solar cell 

characteristics. 

As expected, the degradation in the other cell characteristics of the thinner cells is 

significantly smaller. This is illustrated in Figs. 9 and 10, where the quantum efficiency 

. results, measured without any light bias, are shown for the two cells. Because the 

characteristics undergo very small changes in the case of the 0.4pm cell, it is not possible 

to carry out reliable analysis in terms of the changes in bulk material properties. 
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The thicker cells, on the other hand, offer characteristics in which the large effects can be 

more realistically analyzed. It is clear that even with well characterized materials, 

quantitative analysis should be carried out first on thick cells (>0.5pm) where the light 

induced changes in the bulk have a much larger effect on all of the cell characteristics. 

Another characteristic that can be used in the analysis is the dark I-V of the p-i-n 

cell. It appears that in the I-V characteristics, the low forward bias exponential regions are 

controlled by carrier recombinatiodgeneration in the bulk and at the p/i interface. The far 

forward bias currents on the other hand are controlled by the space charge limited current 

flow through the bulk which is dominated by the bulk properties and hence the thickness 

of the p-i-n structures. As an example of this, the dark I-V characteristics are shown in 

Fig. 11 for thin (0.4pm) and thick (0.8pm) p-i-n structures, where the larger changes in 

the far forward dark I-V’s of the thick structure are evident. The more dominant role in 

the p/i interfaces of the dark I-V’s relative to the bulk in the thin structures is reflected in 

the corresponding difference in the far forward bias characteristics. 

In addition, the metal Schottky barrier solar cell structures are also used because 

they offer a much more direct method for correlating the properties of thin film materials 

with device characteristics. They are also usefid in hrther characterizing the bulk material 

properties in both the anneded and degraded states since both the dark I-V’s and QE’s are 
very sensitive to the bulk, and in particular to its light induced changes. They thus allow 

the “fine-tuning” of the material parameters derived from measurements and analysis of 
thin films for the self-consistent modeling of p-i-n cells with AMPS. This is discussed later 

when device modeling is treated. 

1.3 Stability in a-Si:H Solar Cells: Customized Structures 

Solar cell degradation studies were also carried out using the same setup as for 

film degradation in order to investigate the effects not only of H2-dilution of the i-layers 

but also atomic H treatment at the p/i interfaces on the stability of p-i-n solar cells. The 

procedures for Hz-dilution and the p/i interface treatment are described elsewhere in this 

report. Four cells were made in our multi-chamber system for this customized cell study. 
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These cells are characterized by: (1) standard 200°C undiluted i-layer without interface 

treatment; (2) standard 200°C undiluted i-layer with atomic H p/i interface treatment; (3) 

200OC H2-diluted i-layer (R=10) without interface treatment; and (4) 2OOOC &-diluted i- 

layer with atomic H p/i interface treatment. The p-layers and n-layers were deposited 

under the same deposition conditions for all the cells. 

These cells were characterized in both the annealed and degraded states. 

Degradation was carried out using ELH lamps with light intensities of AM1 and lOAMl 

for up to 100 and 70 hrs, respectively. As far as the open-circuit voltage, V,, is 

concerned, cells with H2-diluted i-layers show better stability than the corresponding cells 

with standard undiluted i-layers. When H2-dilution of the i-layers is coupled with the 

atomic Hp/i interface treatment, the V, stability is the best, as shown in Fig. 12. For 

example, the V, of the cell with standard i-layer and without interface treatment dropped 

from 0.84 V in the annealed state to 0.79 V in the 100 hrs AM1 degraded state, while that 

of the cell with both H2-diluted i-layer and interface treatment degraded by less than 1%. 

Therefore applying H2-dilution during i-layer growth along with atomic H treatment at p/i 

interface in a-Si:Hp-i-n cell fabrication appears to improve cell V, stability. 

Thus, to summarize the results of Fig. 10, we have shown the beneficial effects of 

atomic hydrogen treatment at the p/i interfaces on the performance of a-Si:H p-i-n cell 

structures. These atomic hydrogen treatments at the interfaces not only increase the V, in 

both solar cells in the annealed state, but also result in a more stable V, in both cases. We 

therefore conclude that in order to improve the initial, and more importantly the stabilized 

V,, not only do we need high quality and more stable bulk i-layer materials, achievable 

with HZ-diluted i-layers, but also improved p/i interfaces, such as those obtained with 

atomic hydrogen treatment of the p/i interfaces. 

These conclusions have been fbrther supported by studies of the stabilities of V, in 

n-i-p cell structures with i-layers deposited at lower substrate temperatures. These results 

are illustrated in Fig. 13 along with a comparison to the similar data from Fig. 12 for p-i-n 

cells. In Fig. 13, the cells with hydrogen diluted i-layers deposited at 170°C and atomic 

hydrogen treated p/i interfaces show better performance than their counterparts in both the , 
annealed and degraded states. It can also be seen that at both 200" and 170°C, hydrogen 
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dilution of the bulk i-layers results in a greater improvement in cell performance and 

stability than the atomic hydrogen ph interface treatment that was used. These results can 

be understood if the hydrogen dilution used in the deposition of the i-layers improves both 

the bulk as well as p/i interface properties, while the atomic hydrogen treatment can only 

improve the p/i interfaces. 

To fbrther establish and quantify the relative contributions of the bulk and intedace 

regions to the cell characteristics and their subsequent degradation under extended 

illumination, p-i-n cells were fabricated with thin &-diluted i-layers (1 SOA to 600A) 

sandwiched between the p-layers and undiluted bulk i-layers. These customized cells were 

characterized in the annealed state as well as with extended 1 and lOAMl degradations. In 

all the cells, the p-layers and n-layers were deposited under the same conditions and had 

the same thicknesses. To quantify real changes in Jsc, the cells were deposited onto 

specular TCO with non-reflecting Cr contacts. 

The characteristics of cells with the sandwich structures were compared with those 

of cells with the standard diluted and undiluted i-layers. Examples of the light I-V’s of 

these cells measured in the annealed state are shown in Fig. 14, where the cell with 300A 

diluted interface and 3700A undiluted bulk has the best overall performance. This cell has 

a FF of 0.73 and a V, of 0.864V, both of which are as high as those of the diluted cell; 

but it also has a J, of 1 1.4mA/cm2, which is much higher than the corresponding diluted 

cell and similar to the undiluted cells. This effect would be expected for the higher optical 

absorption by the narrower gap i-layers. These results strongly indicate that in the 

annealed state the V, is primarily controlled by the p/i interface when the defect densities 

of the bulk material are low as in the case of these “device quality” bulk i-layers. On the 

other hand for such cells, the absorption by the bulk plays the major role in determining 

the Jsc, but the p/i interface can also affect the J,, by modifying the electric field 

distribution. The highest JSc of the diluted interface/undiluted bulk cell can be explained by 

the combination of the higher absorption by the bulk undiluted material and by a p/i 

interface region improved by hydrogen dilution. Since the fill factors are primarily 

determined by the bulk material properties, little difference is observed between these cells 
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in the annealed state, since both the diluted and undiluted materials have been optimized 

and are of high quality. 

A comparison of cells with different thicknesses of diluted interface layers were 

also carried out as shown in Fig. 15. The cells with 1504  300A and 600A thick diluted 

interfaces exhibit similar light I-V characteristics. The fill factors of all the cells are the 

same (0.73) because they are made with the same bulk materials. Since they have similar 

p/i interfaces, these three cells also have the higher V, (-0.865V). 

The degradation studies of these p-i-n cells have been carried out using ELH light 

intensities of AMI and 1OAMl. The degraded state light I-V’s after 100 hrs of lOAMl 

light soaking for the 300w diluted interface sandwich cell, together with the standard 

diluted and undiluted cells are shown in Fig. 16. Here it is seen that after 100 hrs of 

lOAMl light soaking, the V, of the sandwich cell shows the largest voltage drop of 

0.06V (from 0.87V to 0.81V) compared to the V, drop of only 0.01V (from 0.87V to 

0.869 for the cell with the diluted i-layer, as well as the V, drop of 0.04V (from 0.82V 

to 0 .789  for the cell with the undiluted i-layer. It can also be seen the V, of the sandwich 

cell, which has reached steady state in its degradation as in the diluted cell, lies between 

those of the diluted and undiluted cells, but is closer to that of the undiluted cell. These 

results clearly indicate that the degradation in the p-i-n cells is determined by the 

properties of both bulk i-layers and the p/i interfaces. The bulk i-layers appear to 

contribute more to the light-induced degradation when the defect densities in these layers 

are higher as in the case of the undiluted material. As expected, the sandwich cell has a 

stabilized efficiency between those of the cells with the pure diluted and undiIuted i-layers 

due to the p/i interface, which is better than that of the undiluted cell, and the bulk i-layer, 

which is less stable than that of the diluted cell. The kinetics of the degradation in 

efficiencies of these three cells with lOAMl illumination are shown in Fig. 17. Detailed 

studies on the changes in all the cell characteristics (dark I-V’s, light I-V’s, spectral 

response, etc.) are now being carried out in order to separate and quantify the relative 

contributions from the bulk and the interface regions to cell performance. 

32 



12 

1 1  

10 

9 

8 

7 

6 

. - - - - - - - - - &.&-z-A-- -%.*.*.A.a.- - - - 
- 
- A-SI:H P-I-N CELL 

T =200°C 
d = O .  4pm 

9 - 

--150A DILUTED INT./UN 
-- - - -300A DILUTED INT./U 
- - * - - . -600A DILUTED INT./U 
- 
- 
- 
- 
- 

, 

FF 

- 0.87 11.5 0.73 
_ - -  0.87 11.4 0.73 
...... 0.87 11.5 0.73 

0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

VOLTAGE (V) 

Figure 15 The annealed state light I-V's of p-i-n cells with three different thicknesses of 
diluted interface layers. The total i-layer thickness is 0.4 pm. 

33 



10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

1 " " '  I ' i ' l ' i '  i '  1 '  

4000 i  H,-Diluted i-Layer 
(E,000=1.05 eV) i .-.-.- 4 0 0 0 i  Undiluted i-Layer 
(E,,,,= 1.80 eV) E - 3 O O L  Diluted/3700A Undiluted .-. 

Degraded State (lOAM1,lOOHRS) -*..\ i - I  1 

FF 
- - -  0.87 9.1 0.57 
..... 0.78 9.2 0.50 
-0.81 9.5 0.51 

sc J oc V 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 

VOLTAGE (V) 

Figure 16 The degraded state light I-V's of the p-i-n cells with a pure diluted i-layer, a 
pure undiluted i-layer and a cell with diluted interface/undiluted bulk i-layer. 



w 
G iz 
E 
M 

5.0 - I 1 1 

- 0 - 
4.8 - - 

- - 
4.6 - - 

4.4 - - 
- 

4.2 - - 
- 

4.0 - - 
- - 

3.0 - - 
- - 

3.6 - - 
I 

I 
- lOSUN DEGRADATION 

0 4000A Diluted i-Layer 
0 4000A Undiluted i-layer 
v 300 i  Diluted/3700i Undiluted i-layer 

3.4 - 
.. 

3.2 I 1 , t I * * * . I  I * 9 * I * * *  

lo-’ I O 0  - 10’ 1 o2 1 o5 

1 O A M 1  SOAKING TIME (HR) 

Figure 17 The degradation kinetics in the efficiencies of p-i-n cells with pure a diluted i- 
layer, a pure undiluted i-layer and a cell with diluted interfacehndiluted bulk i- 
layer. 



Computer modeling is also being employed in this detailed analysis. In the computer 

modeling, the role of the material parameters including densities of charged defects are 

studied. 

Additional studies were performed in order to hrther quanti@ the relative 

contributions of the bulk and the p/i interface regions to the degradation of solar cells. 
Kinetics of degradation were investigated in detail on customized cells consisting of p(a- 

SiC:~-(x)i(diluted)-(4OOO~-x)i(undiluted)-n(p~-Si) [x=50& 150A 3004  600A] and 

p(a-SiC:H)-(300~)i(undiluted)-(3700~)i(diluted)-n(~c-Si). These results were compared 

with those of well characterized p(a-SiC:H)-(4000~)i(diluted)-n(pc-Si) and p(a-SiC:H)- 

(400O~)i(undiluted)-n(p~-Si) cells. Additional information could be obtained on the role 

of the p/i interface regions and the bulk in determining degradation properties of the cells. 
This is illustrated in Fig. 18 where the efficiencies for the cell with the diluted bulk and 

undiluted interface region are shown together with those of the two standard cells. As seen 

in Fig. 6, the standard diluted cell reached a steady state in about 80 hours of AM1 

soaking while the standard undiluted cell continuously degrades even after 200 hours 

soaking. On the other hand, the customized cell with 30081 undiluted p/i and 3700A 

diluted bulk exhibits a degraded steady state in a time close to that taken by the standard 

diluted cell. The different cell parameters V,, J, and FF are shown in Fig. 19 where the 

contributions of the bulk can be clearly identified by the presence or absence of the steady 

state after less than 150 hours AM1 soaking. It is important to note that the customized 

cell with the 300A undiluted ph interface region exhibits similar degradation kinetics not 

only in J,, and FF as the standard diluted cell, as would be expected based on their 

dependence on bulk properties, but also in V,. The standard undiluted cell does not show 

any signs of a degraded steady state in any of the parameters. These results indicate that in 

these cells the degradation kinetics are primarily controlled by the light induced changes in 

the bulk region rather than at the p/i interface, even though the interface plays a key role in 

determining the V, in the annealed state. 

Figure 20 shows the degradation kinetics of V, for the standard diluted cell along 

with those for the customized cells with a total of 4000kx undiluted bulk and x=50& 

l50fi 3OOA 600A diluted p/i interface regions. It can be seen in Fig. 20 that the diluted 
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18 The degradation kinetics in the efficiencies versus AMI illumination time for a 
standard diluted cell, a standard undiluted cell and a customized cell with 
undiluted i-layer and 300A diluted interface layer. All the cells have the same 
bulk thickness of 0.4pm. 
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Figure 19 The degradation kinetics in V,, J, and FF versus AM1 illumination time for a 
standard diluted cell, a standard undiluted cell and a customized cell with 
undiluted i-layer and 300A diluted interface layer. 
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p/i interface si,onificantly improves the V, of the p-i-n solar cell compared with the 

undiluted bulk material. For thicknesses of the diluted region of 50, 150, 300, 600& the 

V, increases by 0.02, 0.04, 0.05 and 0.05V respectively. The largest change in V, occurs 

from x=O to ~ 1 5 0 8 1 .  After a thickness of 15081 there is little difference in V, from that of 

a standard diluted cell. These results indicate that the thickness of the p/i interface regions 

in these p-i-n cells is around look. Thus the results clearly show that in the annealed state 

the V, is determined by the p/i interface. In spite of this, their degradation kinetics depend 

on the bulk material as indicated by the corresponding results in Fig. 19. For example, V, 

continues to decrease beyond 100 hours of soaking for the standard undiluted bulk cells as 

well as those with 50, 150, 300 and 60081 diluted interface regions cells while the standard 

diluted cell show very little degradation. For the cell with 600A p/i diluted interface region 

the V, degrades more slowly, but this is not surprising since 600k is no longer negligible 

when compared to the 3400A bulk undiluted material. 

It has been found that these customized cells, consisting of diluted and undiluted 

a-Si:H, are becoming very usefbl in reliably quantifying the contributions of the interface 

regions and the bulk in both the annealed and degraded state. Detailed measurements are 

being carried out on a variety of cell characteristics, and subsequent analysis of the results 

is being used to quanti@ these contributions. 

1.4 Stability in a-Sil,:C,:H Solar Cells 

Another approach to increase the open-circuit voltages of p-i-n solar cells even 
further is to use a-Sil,&:H layers as the absorber layers. However, a-Sil&:H materials 

generally have larger defect densities than those of a-Si:H layers in the annealed state, and 

they degrade much faster under lisht soaking than a-Si:H layers. Early in Phase 11, we 

incorporated 2000 thick a-Sil,C,:H layers as the absorber layers in the fabrication ofp- 

i-n solar cells for stability studies. We also introduced a H2-dilution graded layer at theph 

interface in an attempt to better understand the effects of H2-dilution on the open-circuit 

voltage ofp-i-n cells. 



In order to study the stability ofp-i-n cells with different a-Si1,G:H i-layers and 

with interface graded layers, we made three different p-i-n cells as outlined in the 

following. The a-Sil,C,:H:B players and a-Si:H n-layers are identical for all three cells. 

The deposition temperature was 200OC. The H2-dilution graded layers were discussed in 

greater detail in Phase I. 

p-i(R=S)-n: 

p-i@=2O)-n: a-Si&,:H i-layer with R=20 

p-h-i(R=ZO)-n: A H2-dilution graded layer, h, is inserted between p-  and i-layers. R 

was adjusted continuously to achieve R=2 at the p/h interface to 

R=20 at the Wi interface. The intended thickness of the H2-dilution 

graded layer h was 200 A. 

a-Sil,C,:H i-layer with R=[H*]/f [S&]+[C€&] )=5 

The cell parameters in the annealed state and in the AM1 degraded state are listed 

in Table 2. As can be seen in the table, we can change the open-circuit voltage by using 

different H2-dilution ratios for the a-Si&,:H i-layers as noted in the final report of Phase 

I. These a-Sil,C,:H cells have relatively low efficiencies (-3%) in the annealed state in 

part due to the thinness of the a-Sil,C,:H i-layer. However after 100 hrs AMI light 

soaking, approximately 50% of the initial efficiency is lost. The poorer stabiIity against 

light soaking of individual a-Sil,C,:H films as compared to pure a-Si:H films translates 

into poorer long term stability of cells made from them. Thus such a conclusion is 

common not only in comparing the stability of H2-diluted and undiluted a-Si:H materials 

and cells (see Secs. 1.1-1.2), but also in comparing pure a-Si:H and a-Sil-,C,:H alloy 

materials and cells (see Sec. 2.1). 
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Table 2 Comparison of the cell parameters of devices in the annealed and 100 hrs 
AM1 degraded states for selected a-Sil,C,:H p-i-n structures having 2000 A 
i-layers prepared with different H2-dilution ratios. One of the cells was 
prepared with a H2-dilution graded buffer layer at the p/i interface (last row). 

~~ 

CELL STATE ~ v ~ ( v )  ~ , ( m ~ / c m ~ )  FF Efl?(%) 
~ 

p-i(R=5)-n Annealed 0.914 5.4 0.61 3.01 
Demaded 0.868 4.5 0.42 1.64 
Annealed 0.880 7.0 0.48 2.96 

5.2 1 0.38 1 1.67 I p-i(R=20)-n 1 Degraded 1 0.847 I 
p-h-i@=20)-n Annealed 0.882 5.7 0.50 2.51 

Degraded 0.836 4.9 0.40 1.64 
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2. Novel Intrinsic Materials Optimization 

2.1 Wider-gap a-Si:H versus Widegap a-Sil&:H 

Optimization of a-Sil,C,:H materials as the absorber layers has continued in the 

early part of Phase 11. Optimized a-Sil,C,:H materials and solar cells have been compared 

with wider bandgap a-Si:H materials and solar cells prepared with hydrogen dilution. Real 

time optical measurements, along with ex situ electronic characterization were combined 

to optimize a-Sil_xC,:H alloys as a function of the H-dilution ratio R=[H2]/f[C&]+[S%L]f 

and substrate temperature, Ts. In Phase I, it was shown that the optimum H2-dilution ratio 

of R = 20 to 25 is the maximum that can be sustained without the formation of Si 

microcrystals in the films. Results on subgap absorption using Dual-Beam 

Photoconductivity (DBP) on the a-Sil,C,:H films deposited at different substrate 
temperatures are shown in Fig. 21 where it can be seen that the values of the annealed 

state a (1.2 eV), the absorption coefficient at 1.2 eV, remain relatively constant over the 

substrate temperature range between 175°C and 250°C. These results indicate that high 

quality a-Sil,C,:H material, with R=20, is obtained in this range of substrate temperatures. 

Emphasis has been given to a-Sil,C,:H materials because of their high optical 

bandgaps which are useful in obtaining high values of V, in solar cells. Materials have 

been optimized with E2000 as high as 1.97eV. The concurrent studies on increasing the 

bandgap of a-Si:H materials through hydrogen dilution have shown that bandgaps as high 

as E20~=1.90eV can be obtained at substrate temperatures between 170°C and 200°C and 

krther increases in bandgap are being pursued by fabricating films at lower substrate 

temperatures. Previous studies on a-Sil,C,:H and a-Si:H materials in Phase I have 

indicated that the properties of the optimized a-Sil,C,:H materials degrade much more 

than those of a-Si:H prepared with hydrogen diluted Si€&. The mapitude of this can be 

clearly seen in Fig. 22, where the results of the subgap absorption both in the annealed 

state and in the degraded states after lOAMl illumination for 100 hours are shown for an 

a-Sil,C,:H film (x = 0.05) prepared under the optimized condition at Ts=17S°C and a 

wider-gap a-Si:H prepared at Ts=170°C. This a-Sil,C,:H material has E2o00=1.97eVy 

' 
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Figure 21 The subgap absorption coefficient, a(l.ZeV), as a fbnction of substrate 
temperature, Ts, for a-Sil,C,:H films. 
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which is significantly higher than hydrogen diluted a-Si:H material, E2000=1.88eV. It is 

interesting to note here that the subgap absorption, in particular a (1.2eV), is virtually the 

same for both materials in the annealed state. After degradation, however, the subgap 

absorption of a-Sil,C,:H becomes much higher than that of the a-Si:H material. This 

larger increase in the midgap densities of defects in the a-Si&,:H material is also 

reflected in the decrease in the a-Sil-,C,:H electron mobility-lifetime products. The 

mobility-lifetime products of the two materials are shown in Fig. 23 in both the annealed 

and degraded states. Again, in the annealed state, the mobility-lifetime products for the 

two materials are Virtually the same. M e r  degradation, however, the a-Sil-xG:H values 

are much lower than those of the a-Si:H material. Table 3 summarizes the results of the 

subgap absorption and VT-product measurements of widegap a-Sil,C,:H and wider-gap 

a-Si:H. In fact, it can be noted that the gains made in the hndamental properties of 

a-Sil,C,:H through H2-dilution are to a large extent lost in the stabilized degraded state. 

The significantly larger degradation in the a-Sil,C,:H materials noted in Table 3 is 

expected to generate much larger degradation in their solar cells based on the discussions 

of Secs. 1.1-1.2. 

Fig. 24 shows the evolution of the additional Si-H volume fraction averaged over 

the top -2OOA of a thick a-Si:H and a-SiC:H films, generated during a weak 1 hr filament- 

generated atomic H-treatment. The Si-H volume fraction is proportional to the 

concentration of Si-Si bonds that are broken and converted to Si-H bonds. For both a- 

Si:H and a-SiC:H samples, the substrate was maintained at 250°C during film growth, and 

the sample was maintained between 240°C and 250°C during the H-exposure process. It is 

clear that there is little change in the optical response of the a-SiC:H upon H-treatment 

compared with that of a-Si:H. SIMS shows that the H penetrates the a-Sil,C,:H, e.g., via 

the Si-Si bonds or void structure, but once there does not effect a change in bonding. 

Because the a-Sil,C,:H already contains -20-25 at.% H (as opposed to the 8 at.% in the 

a-Si:H), its network may already be relaxed and krther Si-Si bond breaking may not be 

energetically favorable. In conclusion, unlike a-Si:H, a-SiC:H shows little bonding 

relaxation upon chemical annealing by filament-generated atomic H. This suggests 
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Table 3 Comparison of the annealed and degraded properties of wider-gap a-Si:H prepared from Hz-diluted Si& and widegap 
a-Sit,C,:H optimized for intrinsic material characteristics with H2-dilution and substrate temperature. 

a-Si:H, R=lO, T,=200°C a-Sil,Cx:H; R=20, T,=l75"C 

STATE ANNEALED DEGRADED ANNEALED DEGRADED 
E2000 (ev)  1.85 1.97 

a( I .2 eV) a-Si:H (cm-') 0.12 0.G 
a( 1.3 eV) a-Sil,C,:H (cm-') 0.23 3.5 

E, (mev) 46 48 52 52 
k i t  (cm2/v) (G=IO'' cm"s-') 8x10-' 4 .5~10-*  7x lo-' 4x 10'' 
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Fig. 24 Evolution of relative Si-H component volume fraction in the top 20081 of 
a-Si:H and a-SiC:H (R=O) during exposure of opaque films to atomic 
hydrogen generatred by a heated filament. The substrate was maintained 
at 25OoC during film growth, and the sample was maintained between 240 
and 25OoC during the H-exposure process. 
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a fbndamental difference in the bonding of the two materials, and the effects of H on the 

bonding that may provide clues to understanding the differences in stability. 

2.2 Widegap a-Si:H Prepared by Microwave PECVD 

The advantage of a-Sil,C,:H over a-Si:H prepared with Hz-diluted S a  has been 

the ability to attain wider gaps in the optimized material. Our previous studies have shown 

that optimum H2-dilution of Sa to make a-Si:H can lead to an optical gap that is 0.1 eV 

higher than the standard midgap material (with E2000 increasing from 1.75 to 1.85 ev). In 

contrast, a-Si&,:H can be made with optical gaps more than 0.2 eV higher than the 

standard midgap material (with E2000 increasing from 1.75 to 1.97 ev) without a 

significant increase in the Urbach energy E, and a (1.2-1.3eV) as shown in Table 3. This 

difference is shown in the complete optical spectra of Fig. 22, where the E2000 gaps are 

indicated. The C-alloying capability yields more flexibility and also leads to very widegap 

player that can be incorporated readily into the cell. However, unless stability problems 

can be overcome, we may be forced to retreat to pure a-Si:H i-layers and consider novel 

methods for widening its optical gap hrther than is possible with conventional H2-dilution 

in order to provide materials with E2000 >1.9 eV for widegap i-layers andp-layers. 

A promising approach is that being pursued by Professor I. Shimizu at the Tokyo 

Institute of Technology. His group is alternating growth and atomic H-exposure at low 

temperatures (-100°C) in order to generate pure a-Si:H of apparently high quality with 

E2000 gaps as high as 2.1 eV. The a-Si:H growth process is standard parallel-plate 

deposition whereas the H-exposure employs a remote microwave plasma source. In our 

earlier studies, we have also pursued the chemical annealing approach in producing a more 

stable wider gap a-Si:H. In our case, we used a tungsten filament heated in low pressure 

(-5-10 mTorr) H2 to generate atomic H. However, our technique is more cumbersome 

since the growth and H-exposure are performed at very different pressures and the 

chamber must be pumped down once every cycle during the growth process. The major 

benefits of our approach to date, however, have been related to single atomic H treatments 

at device interfaces, for example to improve V, and its stability for solar cells with pure 
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a-Si:H i-layers. (See Figure 12 and associated discussion of Sec. 1.3.) In this situation the 

filament approach is advantaseous because it is simple, inexpensive, and easy to implement 

in any parallel pfate PECVD reactor. For the alternating monolayer-by-monolayer 

approach, however, the microwave atomic H source has the advantage of being able to 

operate at the same pressure as the pure SiI& discharge, and is thus more readily 

automated. 

Figure 25 shows the first optical absorption data from transmission and reflection 

(T&R) measured at Penn State for one of the Tokyo Inst. Technol. samples in which the 

substrate temperature was held at 100°C and 10 s a-Si:H growth was alternated with 20 s 

H-exposure. The E2000 gap for this material is found to be 2.09 eV, much wider than any 

a-Si:H materials that can be made by conventional H2-dilution techniques in the parallel 

plate PECVD configuration at similar temperature. Fig. 25 shows that this growth system 

may have the same flexibility as the C-alloy system in its ability to prepare materials with 

E2000 gaps ranging from 1.75 to 2.1 eV. The next step in this research is to obtain possibly 
better material that has a gap comparable with our optimized a-Sil,C,:H (E~ooo-1 .95 eV). 

Then we will (i) measure the sub-bandgap absorption spectra and electronic transport in 

the material; (ii) determine these properties in the stabilized degraded state; (iii) 

incorporate the material as a 2000 A i-layer in a solar cell; and (iv) measure the stability of 

the resulting solar cell for comparison with the data in Table 2. Thus at every step we will 

assess the material in comparison with our existing data on a-Sil,C,:H. 

2.3 a-Si&,:H in Solar Cells and a Comparison with a-Si:H Cells Prepared with 

HTDilution 

The larger degradation in a-Si&,:H has been confirmed through studies of the 

stability of p-i-n cells having different a-Sil,G:H i-layers including cells with graded 

interface layers. Cells with 2OOOA i-layers deposited at 200°C showed the best initial 

performance among all the a-Sil,C,:H absorber p-i-n structures, and their degradation 

kinetics have been investigated by using AMI illumination for up to 100 hrs. The initial 

and stabilized state performances of these a-SiI,C,:H cells were compared with those of 
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p-i-n structures fabricated with wider bandgap absorber a-Si:H i-layers. To highlight the 

extent of the degradation in the a-Sil,Cx:H cells, in Fig. 26 a comparison is made between 

such a 2000A cell and an a-Si:H cell, the latter with a 4000w thick diluted i-layer also 

deposited at 200°C. Fig. 26 shows the light I-V curves of these two cells in both the 

annealed and the degraded states. As expected, the J,, of the a-Sil-,C,:H absorber cell in 

the annealed state is much lower than that of the a-Si:H cell due to its thickness and to the 

poor absorption in the bulk. Even though the thicknesses of the intrinsic a-Si:H layers are 

much higher, the a-Sir&:H absorber cell exhibits a lower FF which can be attributed not 

only to poor transport in the a-SiC:H bulk but also to a poorer ph interface. In the 

annealed state, the V, (0.92V) of this a-SiC:H absorber cell is higher than that (0.87V) of 

the corresponding a-Si:H diluted cell. However, the use of intrinsic a-Sil,C,:H as an 

absorber layer does not show any advantage in the degraded state, since the a-Sil,C,:H 

cell shows a much larger deterioration in V, than the cell with the diluted a-Si:H i-layer. 

As a result, values of V, in the degraded state are the same for the two cells. It is also 
worth noting that the V, of the diluted a-Si:H cell saturates after 40 hrs of the AM1 

degradation, while the V, of the a-SiC:H absorber cell does not show any sign of 

saturation even after 100 hrs of illumination. Furthermore, the FF of the a-SiC:H cell is 

also much worse, 0.42, compared to that of the diluted a-Si:H cell, 0.61, even though it is 
only 2OOOA thick. In addition, the degradation in J, of about 20% is much larger than the 

5% observed in the a-Si:H cell. In conclusion, p-i-n cells with H2-diluted i-layers provide 

much lower and stabilized degradation in all the cell parameters than the cells with 

a-Si&,:H absorber layers. 

Possible improvements in the performance of a-Sil&:H absorber layer solar cells 

were investigated using different p/i interface layers and intrinsic a-Sil,C,:H i-layers with 

different dilution ratios. It is found that, even with extensive optimization of the p/i 

interfaces and bulk i-layers, no significant improvements were obtained in the stabilities of 

the a-Sil,C,:H absorber cells. Results for some of these cells are listed in Table 2. These 

results are repeated in Table 4 along with new data for a cell that includes a C-graded 

buffer layer. In all the a-Sil,C,:H absorber cells listed, the efficiencies degrade by more 

than 35% after 100 hrs. of AMI light soaking, compared to degradations of less than 20% 
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Table 4 

c c 3  
B: 2 3  to 3:2 
I: R=5 

Degradation results for four different a-Sil,C,:H p-i-n solar cells. 

Annealed 

AM1,lOOHRS 

Cell Structure I State 

w5 
H: R=2 to 20 
I: R=20 

w1 
I:R=20 

Annealed 

AM1, l0OHRS 

Annealed 

AMI, 1 OOHRS 

w4 
I: R=5 

Annealed 

AM1,l OOHRS 

voc 
(v) 
0.950 

0.854 

0.914 

0.868 

0.882 

0.836 

0.880 

0.847 

Jsc 
(mA/cm2) 
5.3 

2.8 

5.4 

4.5 

5.7 

4.9 

7.0 

5.2 

FF 

0.50 

0.3 1 

0.61 

I 0.42 

0.50 

0.40 

0.48 

0.38 

EffncyO! 

2.52 

0.74 

3.01 

1.64 

2.5 1 

1.64 

2.96 

1.67 

B: Buffered Layer [Si%]:[C€€1]=2:3 to 3:2 
H: H2-dilution gradation R=2 increasing to R=20 
I: a-SiC:H i-layer 
R=[H21/( [ Si&] + [ C W  
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Figure 26 The light I-V's of an a-Si:H p-i-n cell with a diluted i-layer and an a-Sil,Cx:H 
p-i-n cell, both in annealed and degraded states. 
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for much thicker diluted a-Si:H cells. Although the incorporation of a C-graded buffer 

layer leads to a high annealed state V, of 0.95V, its degradation becomes even worse. 

This is attributed to the additional C-incorporation near the p-i interface. 

2.4 Wider-Gap a-Si:H Prepared by H2-Dilution: 

A Closer Look at Annealed and Degraded States 

Because of the instability of intrinsic a-Sil,G:H films and solar cells as discussed 

in Sec. 2.3, emphasis has been placed on obtaining wider bandgap a-Si:H films. The 

widening of the gap is being achieved by using hydrogen dilution and lower substrate 

temperatures. These diluted materials and their corresponding solar cells exhibit both 

higher stability and different degradation kinetics as discussed in Section 1. In order to 

understand the causes of these differences, studies have been undertaken on characterizing 

these diluted materials and comparing them with undiluted materials from this as well as 

from other laboratories. 

In these studies the electron mobility-lifetime products and subgap absorption 

obtained over a wide range of carrier generation rates are used to obtain the information 

about the gap states and their evolution under light illumination. We find that for different 

films (witWwithout hydrogen dilution) not only the magnitude of the electron mobility- 

lifetime products (p~), but also its fbnctional dependence on carrier generation rates, are 

quite different. This is illustrated in Fig. 27 which shows the electron mobility-lifetime 

products as a fimction of generation rates for diluted and undiluted films prepared at 

200°C and 170°C. It is clearly seen that the same recombination kinetics cannot be used to 

explain both sets of results. It can also be seen that differences at the low generation rates 

are larger than at the high (AM1) generation rate ranges. This indicates that measurement 

of the photoconductivity at one intensity, particularly AM1, is not a true reflection of the 

differences in a-Si:H films. The differences in the functional dependence of vz on carrier 

generation rates are significant and are not taken into account when materials are 

characterized solely by AM1 photoconductivity measurements. 
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The importance of these characteristics is hrther reinforced by the significant 

differences that are present in the subgap absorption spectra as measured by Dual Beam 

Photoconductivity. These differences are illustrated in Fig. 28 which shows the subgap 

absorption spectra for diluted and undiluted films deposited at a substrate temperature of 

200°C which have different optical band gaps. There is a distinct difference in the shape of 

the subgap region below -1.5 eV where the undiluted film has a much more pronounced 

shoulder. This difference indicates problems with some of the basic ideas about a-Si:H: 

(1) The values of a (1 2eV) do not directly reflect the densities of neutral dangling bonds, 

D O .  

(2) Integration of the subgap region below the exponential region cannot be readily related 

to the densities of midgap states and certainly not by using the same constant for 

different films. 

Such differences in subgap absorption and electron mobility-lifetime products can 

only be explained by taking charged defect states in the gap into account. We use the 

Subgap Absorption Model (SAM) and a three-gaussian distribution of gap states (D+? Do, 

D-) to obtain the “Operational” parameters for both the charged @’, D-) and the neutral 

(Do) defect states. The self-consistent analysis being developed and carried out in the 

EPRl program is being applied to obtain reliable gap state parameters in the different 

films. Such parameters can be used in the quantitative correlation of these materials with 

their corresponding solar cells. 

Figs. 27 and 28 demonstrate the electron mobility-lifetime products (pz) and the 

subgap absorption obtained over a wide range of carrier generation rates for different 

diluted and undiluted materials are quite different in the annealed state. Significant 

differences in the stability and degradation kinetics of materials prepared with and without 

hydrogen dilution are also observed. Because light induced steady states in undiluted films 

cannot be reached within 100 hrs of AM1 illumination, their stability was also evaluated 

using 10 AM1 illumination. 

In these studies, the films were first annealed at 170°C in a NZ environment for 4 

hrs then were soaked under 10 AM1 illumination. The temperature of the films under 

illumination was kept at about 50°C. M e r  about 50 hrs, the diluted films reached their 
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degraded steady states, and the undiluted films reached theirs after about 80 hrs. The 

electron pz products and subgap absorption obtained over a wide range of carrier 

generation rates were used to obtain the information about the gap states in these 

degraded steady states. It is found that both the magnitude of the electron pcz products and 

their hctional dependence on carrier generation rates are different for diluted and 

undiluted films. This is illustrated in Fig. 29 where the electron px products are shown as a 

fbnction of carrier generation rates for diluted and undiluted films deposited at 200°C and 

170°C. It can be seen that p't products of the diluted films deposited at different substrate 

temperatures have a similar hnctional dependence on the carrier generation rate but 

different values. In the steady state, the diluted film at 200°C has the higher p't product 

(Le., photoconductivity) than that at 170°C. Both the magnitude and the hnctional 

dependence of the pz products for the undiluted films are different from those for the 

diluted films. Again the values for the film deposited at 170°C is much smaller than that 

deposited at 200°C but with a similar dependence on the generation rate. A comparison of 

the pz products - particularIy at high generation rates - for films deposited at the same 

substrate temperature indicate that the diluted films are much more stable. In addition, the 

differences in the pcz characteristics imply that not only are the densities of light induced 

defects lower but also that their distributions (i.e., nature) are also different. 

The differences between the diluted and undiluted films in the steady states were 

also investigated by studying their subgap absorption spectra by Dual Beam 

Photoconductivity. Fig. 30 shows the subgap absorption spectra for both the diluted and 

undiluted films deposited at a substrate temperature of 200°C obtained with generation 

rates of 6 x 1014 and 2 x 10'' cm-3, respectively. A wider bandgap for the diluted film 

(E2000=1.85eV versus 1.79eV for the undiluted film) can be seen as well, as a lower 
absorption coefficient in the region of E < 1 SeV arising from a somewhat lower density of 

light induced defects. In Fig. 30, the absolute values of subgap absorption and the shape of 

the spectra are both slightly different for the diluted and undiluted films. If these 

differences are considered solely in terms of the densities neutral dangling bonds, Do, they 

cannot explain the much larger differences in the pcz results such as shown in Fig. 29. To 

understand these differences, the Subgap Absorption Model and a three-gaussian 
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distribution of gap states (D', Do, D-) are used to fit the experimental results self- 

consistently using both px as well as the differences in DBP obtained with different 

generation rates. The fitting of the subgap absorption spectrum of the 200°C diluted film is 

shown in Fig. 30 as the solid line which was obtained by using the gap state densities, D' = 

9 x 10l6 ~ m - ~ ,  Do= 2 x lO"cm" and De= 9 x 10'6cm-'. We can see that, in addition to the 

increase in neutral dangling bonds, Do, the charged defects also increase with light 

illumination. Similar good fits using these same parameters were also obtained to the 

characteristics of Schottky barrier cell structures. Numerical modeling is now being carried 

out on the undiluted films in order to establish the differences, not only in the arinealed 

states, but also in the degraded states. 

3. Solar Cells Optimized forp- and i-Layer Performance 

3.1 Correlation between p-i-n Cell Performance and Deposition Conditions: 

H*-Dilution, Substrate Temperature, Gas Pressure 

During this phase we investigated the dependence on deposition conditions of the 

annealed state parameters, V,, J,, and FF, of a-Si:H p-i-n cells. The parameter space 

explored includes i-layer deposition temperatures between 130°C and 240"C, with and 

without H2-dilution, and cells with and without atomic H treatment at the p/i interface. 

The main goal of this study was to identify the roles of z-layers and pi' interface treatments 

in determining the cell parameters, with an emphasis on V,. 

A series of p-i-n cells was deposited on specular Sn02 substrates in our multi- 

chamber system. Thep- and n-layers are deposited under identical conditions for all cells. 

The players are deposited at 200°C using a gas mixture of 10 sccm S i b ,  10 sccm C b ,  

and 5 sccm of 2% TMB in He with thicknesses of 200-250 A. Highly conductive 

microcrystalline n-layers are deposited with a gas mixture of 1.4 sccm Si&, 0.6 sccm of 

1% PHj in S a ,  and 100 sccm H2 with thicknesses of 300-350 A. The z-layer thicknesses 

were controlled for cells at each deposition temperature for a valid comparison of J, and 



FF. However, relatively thin Hz-diluted i-layers (0.2 pm) were used in an attempt to raise 

FF and to improve Vm stability of the 130°C cell. The H2-dilution ratio for all cells with 

H2-diluted z-layers was R=[H2]/[Si&]=lO except for the 130°C cell, in which case R=5 

was used. (Although we generally do not encounter adhesion problems for cells with Hz- 

diluted i-layers deposited on SnO2 substrates at low temperatures, we have not succeeded 

in depositing such films on glass substrates at R=10 using substrate temperatures lower 

than 170°C.) The undiluted a-Si:H layers were deposited using 15 sccm pure Si&. Table 

5 lists the annealed state parameters for these cells. It is seen from Table 5 that cells with 

H2-diluted i-layers show better V, and FF than the corresponding cells with undiluted i- 

layers at all temperatures investigated. The improvement in V, and FF could be due to (i) 

reduced bulk defect densities in diluted i-layers and/or (ii) increased optical and mobility 

gaps with Hz-dilution. 

To address the critical role of the p/i interface, atomic H treatments of this 

interface were performed for cells both with and without H2-diluted i-layers. The 

treatment was carried out according to the following procedure: 

1. Ap-layer was deposited onto the SnOz substrate. 

2. An i-layer of 100-150 8, was subsequently grown on top of thep-layer. 

3. A hot tungsten filament was used to generate thermal atomic H to penetrate the 

100-150 A i-layer and passivate the p/i interface. The filament parameters were 

established based on real time spectroscopic ellipsometry (RTSE) studies. The 

power applied to the filament was about 12 W with an exposure time of 1 hr. 

Higher powers resulted in etching of the layers. Exposure times longer than 1 hr 

have been tried but did not result in any significant differences. 

4. The remaining i-and n-layers were subsequently grown. 

The 100-150 A intrinsic layer was deposited before the treatment because we 

wanted to treat theph interface only after it is formed. The 100-150 A i-layer thickness 

range was chosen because an earlier SIMS study performed with a deuterium treatment 

demonstrated that atomic H generated by a hot tungsten filament under the corresponding 
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Table 5 Comparison of the annealed state cell parameters for a succession of midgap 
and wider-gap a-Si:Hp-i-n solar cells prepared in the multi-chamber system at 
different substrate temperatures with and without i-layer H2-dilution. The 
thickness of the i-layer in each cell is also indicated for J, and FF evaluation. 

Ts (“C) 1-LAYER v m  (v) Jsc FF Eff(%) 

130 undiluted (0.34 pm) 0.854 8.8 0.50 3.76 
H2-diluted (0.20 pm) 0.886 9.3 0.61 5.03 

170 undiluted (0.62 pm) 0.857 9.6 0.55 4.52 

200 undiluted (0.48 pm) 0.835 11.7 0.66 6.45 
Hz-diluted (0.41 pm) 0.861 10.0 0.68 5.85 

240 undiluted (0.51 pm) 0.796 11.1 0.60 , 5.30 

(mA/cm2) 

H2-diluted (0.65 pm) 0.870 10.2 0.56 4.97 
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conditions would be able to penetrate effectively through the i-layer to thep/i interface. 

This results in a widening the optical bandgap near the interface and passivating defects 

without damaging the player as may occur in a direct plasma process. 

Table 6 lists the annealed state cell parameters for cells with and without atomic H 

treatment at theph interface. As seen in Table 6, the interface treatment also improves V, 
and improves or maintains the FF for all cells regardless their i-layer deposition conditions 

(i.e., with or without H2-dilution). 

The results above show that the V, increase for a given increase in optical gap is 

greater for cells with H2-diluted i-layers in comparison with cells with undiluted i-layers, 

as indicated in Fig. 3 1. For cells with H2-diluted i-layers, a gain of -10 meV in the optical 

gap corresponds to an -30mV increase in the open-circuit voltage, whereas for cells with 

undiluted z-layers, a gain of -80meV in the optical gap contributes to only -6OmV in the 

open-circuit voltage. In this study, the optical gap is derived by extrapolating the linear 

behavior in (E$' vs. photon energy to zero in the region of the absorption onset (i-e., via 

the Cody method). The smaller increase in V, for cells with undiluted i-layers at larger 

optical gaps could be due to a concurrent increase in defect densities at the pli interface 

which, among other effects, limits V, in spite of the optical gap increase in the i-layers. 

These results are currently being studied by computer modeling in order to hrther 

understand the details. 

We also studied the effect of total gas pressure in the preparation of the H2-diluted 

i-layer on the annealed-state V, improvement. Fig. 32 shows V, values for a set of five p- 

i-n cells prepared on specular SnO2 using i-layer &-dilution ratios of R=5 and 10, plotted 

as a fbnction of total gas pressure. It is interesting to note that at the lowest pressure of 
0.2 Torr, H2-dilution does not lead to an increase in V, over the undiluted i-layers. At the 

highest pressure of 0.9 Torr, however the increase in V, is the largest, 0.08eV. There are 

two possible origins of the improvement in V, with pressure. First, at low pressure ionic 

H from H2-dilution may generate more damage at thep/i interface or in the bulk i-layer as 

it is prepared. This effect would be ameliorated at higher pressure due to the reduced 

mean free path of ionic species. Alternatively, the higher pressures lead to a more confined 

plasma which may result in reduced contamination nearest thep/i interface that arises from 
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Table 6 Comparison of the annealed state cell parameters for a succession of 

midgap and wider-gap a-Si:H p-i-n solar cells prepared in the multi- 

chamber system at 2OOOC with and without i-layer H2-dilution and atomic 

H treatment at thepli interface. The thicknesses of the i-layers are 0.46- 

0.48 pm for all four cells. 

H~-DILUTION H-TREATMENT voc (v) J,, (mA/cm2) FF Ef€.(%) 
w/o w/o 0.835 11.7 0.66 6.45 
w/o W 0.859 10.8 0.69 6.40 
W w/o 0.861 10.0 0.68 5.85 
W W 0.884 9.5 0.68 5.71 
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one with Hz-diluted i-layers and the other with undiluted i-layers. These 
results show that cells with H2-diluted i-layers exhibit higher open-circuit 
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walI-effects. Further studies of the stability of the high-pressure H2-diluted cells with 

V,=O.SlV are planned. In addition, the effect of deposition system will be considered 

(single- vs. multi-chamber). 

3.2 Baseline a-Si:H p-i-n Cells from Single Chamber System 

We have continued our attempts to improve midgap baselinep-i-n cells prepared in 

the single chamber system used in conjunction with our RTSE studies. This baseline data 

is used for three purposes. First we seek to better understand the processing-property 

relationships for standard midgap cells, especially with respect to the role of the interfaces 

at the top junction. Second, the baseline cell performance is used for comparison with the 

performance of midgap and widegap cells incorporatins novel i-layers or players in order 

to assess the new approaches. Third, we need to ensure that the solar cells from the single- 

chamber system with RTSE monitoring are comparable with similarly-prepared cells from 

the multi-chamber system. Recently, we have standardized to glass substrates coated with 

three different TCO materials. These substrates have been supplied by Solarex and include 

specular and textured Sn02 and specular ZnO. The motive here is to attempt to distinguish 

the processing effects on fill-factor and open-circuit voltage that are related to the TCOk 

interface (which would be specific to the TCO) from those related to the p/i interface 

(which would be independent of the TCO). 

Table 7 includes the evolution of the performance parameters for cells with 

intended -5000 A thick i-layers on textured SnO2, starting with our first cell obtained near 

the start of the Phase I program, and ending with the baseline cell. The increase in fill- 

factor between the cells of the first two rows was attributed to a reduction in a high B- 

content layer right at the p/i interface. It is possible, particularly at high temperatures 

(25OoC), that B at thep/i interface diffises into the bulk layer, which leads to the FF 

degradation. The reduction in the interface layer appears to have occurred as a result of 

improvements in our gas shutdown procedure; namely, the player gas and plasma were 

shutdown simultaneously in order to minimize the effects of diborane CVD. The absence 

of a similar improvement in V, between these two runs is not kl ly  understood, however. 
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Table 7 Comparison of annealed state cell parameters for a succession of a-Si:Hp- 

i-n solar cells prepared in the single chamber system on textured SnOz, 

showing the improvements over time that have occurred with differences in 

processing procedure. The cells had intended -0.5 pm thick i-layers from 

pure S a  and were monitored with real time spectroscopic ellipsometry. 

These results provide a running baseline for development of new processes 

and materials to be incorporated into widegap cells based on insights from 

RTSE. The last entry shows the results for a cell prepared on textured 

TCO with a H2-diluted layer. 

i-LAYER T, (“C), R p-GAS J, (mA/cm2) V, (V) FF EK (Yo) 

250 R=O B2& 12.5 0.78 0.53 5.2 

250 R=O B2& 13.7 0.74 0.65 6.6 

200 R=O B2& 12.9 0.83 0.71 7.6 

200 R=O TMB 15.1 0.84 0.66 8.4 

200 R=10 TMB 11.9 0.86 0.60 6.1 
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In particular, the effect of a high B-doped layer at thep/i interface on the V, is unclear at 

this time. The improvement in reducing the substrate temperature from 250°C to 200OC 

(between the second and third rows in Table 7) appears to result fiom a fbrther reduction 

in the p/i interface layer. This is expected to improve the fill-factor even hrther since 

diflbsion into the i-layer may be reduced at the lower temperature. Because the 

thicknesses of the i-layers for the cells of rows two and three in Table 7 are very close, the 

higher optical gap at the lower substrate temperature accounts for a reduction in the J,. 

The fourth row shows results for a cell that incorporates TMB as a dopant gas. Although 

RTSE results presented in Phase I and discussed in greater detail below suggest that the 

p/i interface contamination is reduced with the use of TMB, the fill-factor actually 

decreases. At present it is not known why this occurs. Further attempts at process 

improvement are ongoing in particular, focusing on contamination of the i-layer by 

residual dopants within the chamber. Such attempts are necessary since run-to-run 

variations in FF have been observed which appear to depend on deposition history. It is 

notable that the V, and FF for the fourth entry of Table 7, prepared by single-chamber 

deposition without H2-dilution of the i-layer are identical to those shown in the first entry 

of Table 6, prepared similarly but by multi-chamber deposition. The last entry of Table 7 

shows the effect of H2-dilution of the i-layer on the p-i-n cells prepared by single-chamber 

deposition. In this case, the increase in V, is identical to that obtained by multi-chamber 

deposition. However, there is reduction in FF that appears to be attributable to a reduction 

in bulk layer quality due to dopant contamination associated with single-chamber 

deposition, as noted above. 

Figure 33 shows the initial state light I-V characteristics of the midgap a-Si:Hp-i-n 

solar cell on textured SnO2, given in the fourth row of Table 7 (circles). In this case, cells 

co-deposited on three different TCO's are compared, the textured SnO2 result fiom Table 

5 ,  along with specular SnO2 (squares) and ZnO (triangles). For this deposition the dopant 

gas is TMl3 with a gas flow ratio of D=[TMB]/([Si&]+[C&])=0.02/10 (in sccm). The 

most interesting observation is that the open-circuit voltage does not depend on the TCO 
material. The fill-factor is slightly lower for the specular substrates than for the textured 
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Figure 33 Annealed state light I-V characteristic of the midgap a-Si:Hp-i-n solar cell on 
textured SnOz, given in the fourth row of Table 7 (circles). In this case, cells 
co-deposited on three different TCOs are compared; the result from Table 7 
for textured SnO2, dong with specular SnO2 (squares) and ZnO (triangles) are 
included. For this cell deposition the dopant gas is TMB with a doping gas 
flow ratio of D= [TMl3]/([Sd&]+[CH~])=0.02/10 (in sccm). 
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one. It is also interesting that the specular ZnO exhibits improved current-collection 

performance over the specular SnO2. 

3.3 Customized p-i-n Solar Cells 

In Sec. 3.1 we demonstrated the beneficial effects of H2-dilution and atomic 

hydrogen treatments on the open circuit voltage, V,, yf a-Si:H p-i-n solar cells. We 

presented data showing an increase in the open circuit voltage when comparing p-i-n cells 

deposited at 200°C substrate temperature having H2-diluted i-layers with those having i- 

layers deposited using pure silane. As shown extensively in Sec. 1, the stability of V, 

against light soaking is also drastically improved when a H2-diluted i-layer is incorporated 

in the solar cells. In Secs. 1 and 3.1, we showed the effects on V, of an atomic hydrogen 

treatment at the p/i interface which was performed in an attempt to increase the optical 

gap at the interface and to reduce the ph interface defect density. The atomic hydrogen 

treatment at the interface was found not only to increase open circuit voltage in solar cells 

both with and without H2-diluted i-layers, but also to result in a more stable open circuit 

voltage in both cases. We concluded that in order to improve the open circuit voltages, 

and more importantly to achieve more stable open circuit voltages, we need not only high 
quality (low defect density) and high stability i-layer materials with wider bandgaps, but 

also superior p/i interfaces. The high quality wide bandgap materials can be obtained when 

H2-diluted a-Si:H i-layers are deposited at relatively low substrate temperatures (<200°C), 

while superior interfaces can be realized either by incorporating low defect density wide 

optical gap interface layers, or by atomic hydrogen p/i interface treatments. 

To hrther investigate the contribution to the open circuit voltage from the bulk 

and from the interface, we made p-i-n cells with thin H2-diluted i-layers (150A to 600A) 

sandwiched between the p-layer and the undiluted i-layer. In order to make a direct 

comparison with the previous a-Si:H p-i-n cells deposited at 2OO0C, we made several p-i-n 

cells with the same conditions except that the i-layer was deposited at a lower substrate 

temperature of 170°C. By depositing the i-layers at a lower substrate temperature with and 
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without H2-diiution, we effectively increased the optical bandgap. However, we found that 

the increase in optical gap is not as large with undiluted i-layers as with H2-diluted i-layers. 

In comparing p-i-n cells with i-layers at two different deposition temperatures, we 

observed that the increase in open circuit voltage is higher (0.87V at 200°C and 0.9OV at 

170°C) in the cells with H2-diluted i-layers than in cells with undiluted i-layers (0.84V at 

200°C and 0.86V at 170"C), as shown in Fig. 13. This is so even though the increase in 

optical gap is larger in the two undiluted films (E2000=1.8OeV at 200°C and 1.83eV at 

170°C) as compared to that in the H2-diluted films (E2000=1.85eV at 200°C and 1.86eV at 

170°C). This has been discussed in Sec. 3.1, where it was shown that the open circuit 

voltage increases more rapidly with the optical gap in cells with hydrogen diluted i-layers 

than those with undiluted i-layers (see Fig. 3 1). Differences were also found in the stability 

of the open circuit voltages for the cells fabricated with diluted and undiluted a-Si:H i- 

layers, as discussed extensively in Sec. 1. In the case of the undiluted i-layers after 100 

hours of 1 sun ELH light soaking, the 170°C cells showed similar degree of open circuit 

voltage drop (V, from 0.86V to 0.81V, a drop of 0.05V) as those deposited at 200°C 

(V, from 0.84V to 0.79V, a drop of 0.05V). However, not only does the open circuit 

voltage degradation in cells with hydrogen diluted i-layers reach a steady state in less than 

100 hours of the same light soaking, but these ceIls also show smaller overall degradation. 

For the 170°C cells, the V, decreased from 0.9OV to 0.87V7 a drop of O.O3V, whereas for 

the 200°C cells, the V, decreased from 0.87V to 0.86V, a drop of 0.01V. 

These degradation experiments and the results shown in Fig. 13 allow several 

conclusions to be drawn. First of all, the open circuit voltage depends, among other 

factors, on the mobility gap (and the optical gap) of the absorber i-layer; a higher open 

circuit voltage can be obtained with higher optical gaps in the absorber layer. Second&, 
the open circuit voltage stability is influenced by the i-layer stability; cells with hydrogen 

diluted i-layer have more stable open circuit voltages than the cells fabricated with 

undiluted i-layers. Thirdly, atomic hydrogen treatment at the p/i interface not only 

increases the open circuit voltage in cells with and without H2-dilution but it also improves 

the open circuit voltage stability, especially in cells with H2-diluted i-layers. The effects of 

the atomic hydrogen treatment of the p/i interface are twofold: (i) to widen the optical gap 
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at the interface allowing more light to come into the absorber i-layer, (ii) to reduce the 

defect densities at the p/i interface region thus reducing carrier recombination at the 

interface, which can adversely affect the open circuit voltage. Since cells made with 

hydrogen diluted i-layers already have an improved p/i interface in-situ, because of the 

high hydrogen influx at the formation of p/i interface, we expect that the higher open 

circuit voltages are inherent in the cells with diluted i-layers. In the undiluted counterparts, 

the p/i interface quality is expected to be worse. So truly stable open circuit voltages are 

expected in cells fabricated with hydrogen diluted i-layers and atomic hydrogen p/i 

interface treatments. 

To'investigate and quantify the contributions of the p/i interfaces to the open 

circuit voltage, we made a series of p-i-n cells with customized thin interface layers 

sandwiched between the p-type a-SiC:H and the undiluted i-layer. The compositions of 

these structures are summarized below: 

1) glass/TCO/a-SiC:H p"/Diluted ilpc-n'lCr 

2) glass/TCO/a- S iC :H p'/Undilut ed i/,uc-n'/C r 

3.1) glass/TCO/a-SiC:H p'/hl/Undiluted il,uc-n"/Cr; (hl:15OA of Diluted i) 

3.2) glass/TCO/a-SiC:H p"/h2/Undiluted i/,w-n+/Cr; (h2:300A of Diluted i) 

3.3) glass/TCO/a-SiC:H p'/h3/Undiluted i/pc-n+/Cr; (h3:600A of Diluted i) 

(The thicknesses are: a- S iC :H p'-layer : -25 OA; p-n'-layer:-3 5 0 4  i-layer+interface 

layer: -4000A) 

The solar cell parameters of the different cells in the annealed state are listed in Table 8. It 

is important to note that by inserting a diluted i-layer, as thin as 150& in the cells with 

undiluted i-layers it is possible to increase the open circuit voltages from 0.825V to 

0.868V7 the same values as obtained in the cells with diluted i-layers. The increase in the 

open circuit voltages with these interface layers, from 0.825V to 0.868V, is a gain of 

43mV. This is better than that obtained with the atomic hydrogen treatments of the cells 

with undiluted i-layers which showed an increase of about 22mV in the open circuit 

voltage, from 0.835V to 0.857V. Although these atomic hydrogen treatments at the p/i 
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Table 8 Parameters for customized p-i-n solar cells with different interface regions. 

The labelling scheme is given in the text. 

2) 
3.1) 

3 -2) 

3.3) 

Status 

Annealed 0.868 

Annealed 1 0.825 

Annealed 0.868 

Annealed 10.864 

Annealed 0.865 

11.2 10.71 I I 6.56 
I I 

12.3 I 0.73 I 7.79 I 
11.4 0.73 7.19 

11.5 0.73 7.26 1 
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interface for the cells with undiluted i-layers were not optimized it appears that extensive 

work would be needed not only to increase the open circuit voltage beyond what has 

already been achieved, but also to stabilize their values. 

More recently, such studies have been extended to additional thicknesses and we 

find that for thicknesses about lOOA the full beneficial effect of the interface layer is 

achieved. This is illustrated in Fig. 34, where the light I-V’s are shown for cells with 

4000A thick i-layers, which are totally undiluted, undiluted+50A diluted, undiluted+l5OA 

diluted, and totally diluted layers. As reported earlier, no difference is found when the 

diluted interface region is increased to 300A and 600A. 

We have also performed studies of the factors limiting the open circuit voltage 

using i-layers fabricated at different substrate temperatures and having different mobility 

gaps. Results are shown in Fig. 35 for the dependence of V, on illumination intensity for 

p(a-SiC:H)/i(a-Si:H)/n(yc-Si) cells with i-layers deposited at 200, 170, and 130°C. The 

mobility gaps for the 200 and 170°C i-layers are 1.87eV and 1.90eV7 respectively. (No 

measurements could be carried out on films deposited at 130°C as the peeling problems at 

these temperatures have not yet been solved.) It can be noted here that all the cells studied 

showed a linear dependence of J,, on light intensity over the entire range. There is a clear 

correlation of V, with the bandgap at all intensities, particularly at intensities less than 

AMI, where dependence on the bulk is indicated by the device modeling to be discussed in 

the Sec. 6. Although it was shown that the built-in potential, Vbi, in the cells studied (both 

diluted and undiluted) were higher than those reported in the literature, the factors limiting 

the open circuit voltage at AM1 are being krther investigated using different solar cell 

structures. 

The experimental results described above (see also Section 1) have demonstrated 

the importance of (and to a certain degree quantified) the contributions of these regions 

relative to the bulk. It has been suggested from preliminary modeling using A M P S  that the 

insertion of a 50A layer of heavily p-doped material at the p/i interface could be used to 

enhance the open circuit voltage even more efficiently than the above approach. This result 

seemed to run counter to our intuition and also to the RTSE observations (see Table 7 and 

Sec. 4). A s  a result, we fabricated a solar cell with a high B-doped interface layer, 
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Figure 34 The annealed state light I-V characteristics of two standard p-i-n cells, one 
with hydrogen dilution and the other without hydrogen dilution, and two 
“customized” p-i-n cells. One of the customized cells has 50A of standard 
hydrogen diluted material at the p/i interface and the other has l5OA of this 
material at the p/i interface. Both customized cells have the same standard 
undiluted bulk i-layer. 

79 



n 
3. 
W 

w a 
4 
E 
0 * 

z w 
PI 
0 

0.88 ' /- 

&'/ a' 
' h  . 1 

0.80 
0.76 
0.72 
0.68 

0.64 
0.60 

L A' 

/'' 4 @ V,,(N70AM1)0 1.05V 
0 A' I 8' A 1.04V 

.- 

0.56&' ' a/ 

0.48 0*52k0- 1 
1 oo 10' 1 o2 

NORMALIZED LIGHT INTENSITY 

Figure35 The dependence of the open circuit voltage, V,, on the normalized 
illumination light intensity for three hydrogen diluted p-i-n solar cells. It can 
be noted that the short circuit current, J,, maintains a good linear relationship 
with illumination light intensity over the entire intensity range studied. V, 

follows a relationship described by V = -In- until approximately 

lOAM1, from which point it starts to deviate, revealing the limitations due to 
other factors. 

kT J 

q ' 0  

80 



using our standard undiluted a-Si:H p-i-n structures. The data comparing the standard cell 

and the p-doped interface cell are shown in Fig. 36. It can be seen from the two light I-V 

characteristics that the open circuit voltage drops fi-om 0.825V to 0.760V when the p- 

doped interface layer is inserted, while the short circuit current and the fill factor remain 

comparable. This is consistent with the single-chamber results of Table 7, in which a high 

level of B-related contamination as observed by RTSE, leads to V, values in the range 

0.74-0.78V, whereas low levels of contamination led to V, values in the range of 
0.83-0.84V. This clearly indicates the limitations of predictions from the modeling of solar 

cell characteristics which are not based on accurate self-consistent material parameters. 

This example also reinforces the importance of having such parameters, which 

unfortunately are only just now being established. We are thus proceeding in directions 

indicated by our experimental results which have established the importance of the 

interface and the necessity of maintaining low defect densities at the p/i interface, such as 

are obtained with proper p-layer gases and gas handling, hydrogen treatments, and 

hydrogen dilution. We feel that more reliable parameters must be established, as is being 

done, before one can rely on modeling results as valid predictors of directions to be taken. 

Additional interesting results have been obtained on tailoring the B-doping profile 

in our p-i-n cell single-chamber preparations. In these studies we have included both 

specular ZnO and Sn02:F coated glass substrates in the deposition, in addition to textured 

Sn02:F glass substrates. In most cases, we have found that the V, value and the fill-factor 

for the cells on ZnO are inferior to those on textured Sn02:F. The origin of this problem is 

unclear. It is possible that the contact between ZnO and the p-layer is not as intimate as 

that between Sn02:F and the p-layer. For example, some small amount of reduction of the 

Sn02:F may actually be beneficial in forming the contact. For the ZnO TCO, we have 

found that modest improvements in V, and fill-factor appear possible by intentionally 

incorporating a B-gradation in the p-layer, with a high gas phase B-content at the TCO/p 

interface dropping by an order of magnitude to its usual value after 200 A. Table 9 shows 

the results for a control cell and two cells with B-graded p-layers. For all three cells the i- 

and n- layers were identical, and the i-layer was prepared without H2-dilution. For the 

control cell, the p-layer was prepared from a 6:4:0.01:0.5 gas flow ratio of 



Table 9. Performance results for a control p-i-n cell and two cells with B-graded p-layers. 

For all three cells, the i- and n- layers were identical, and the i-layer was prepared 

without H2-dilution. For the control cell, the p-layer was prepared from a 

6:4:0.01:0.5 gas flow ratio of Sm:CQ:TMB:He. For the B-graded p-layers the 

ratios were varied from 6:4:0.1:5 to 6:4:0.01:0.5 continuously during the growth 
of the p-layer. 

Control specular ZnO 0.80 14.8 0.52 6.15 

B-graded 

p-layer specular ZnO 0.85 14.2 0.63 7.60 
.............................................................................................................. 
B-graded 

p-layer 7.3 1 specular ZnO 0.86 14.4 0.59 
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SB.&€&:TMB:He. For the B-graded p-layers the ratios were varied fiom 6:4:0.1:5 to 

6:4:0.01:0.5 (The He is included because our TMB is diluted at 2% in He.). The results of 
Table 9 show that the graded layer leads to an increase in V, of 50- 60 mV; an increase in 

fill-factor is also observed. In fact, the increase in V, is similar to that obtained with H2- 

dilution of the i-layer. For textured Sn02:F substrates, there is a weaker increase in V,, 

typically from 0.85 V to about 0.88 V. In the future, we intend to explore the effect of B- 

graded layers in optimized widegap cells in greater detail. Stability studies will also be 

performed at that time. 

3.4 a-Si:H n-i-p Solar Cells 

We also extended our studies of open circuit voltage issues to n-i-p solar cell 

structures made by multikhamber deposition. In these studies, both a-SiC:H p"/semi- 

transparent Cr and pc-p+/TCO contacts were used. In addition to our standard n'-layers, 

hydrogen diluted i-layers, and a-SiC:H p*-layers, pc-p'lTC0 contacts made at USSC were 

used. We found that the a-SiC:H p' n-i-p cells give essentially the same open circuit 

voltages at AM1.5 as those in the standard p-i-n configuration. In contrast, an open circuit 

voltage increase of about 60mV, from 0.90V to 0.96V, was obtained for cells 

incorporating a-Si:H layers deposited at 170°C when the top p'-layer is changed fiom the 

standard a-SiC:H to the USSC p p ' .  In addition, the stability of the open circuit voltage 

in the n-i-p cell with the pc-p'-layer is also better. This is illustrated in Fig. 37, where the 

light I-V's are shown for the n-i-p cell with the pc-p'-layer in the annealed state and after 

illumination at lOAMl.5 for 100 hours. There is an 1 ImV drop in the V, for the n-i-p cell 

with the p-p'-layer. In contrast, a 50mV decrease of V, is seen in the p-i-n counterpart 

with the a-SiC:H p+-layer under the same degradation conditions. The dramatic difference 

in the open circuit voltage between the two cell structures can be attributed to two factors. 

First, even though the a-Si:H i-layer surface was exposed to air for an extended period of 

time prior to the deposition of the top pc-p+-layer, the resultant p/i interface is better than 

that in the a-Si:Wp'-a-SiC:H solar cells. That this would be the case is consistent with our 

extensive studies on p/i interfaces in which the beneficial effects of atomic hydrogen 
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treatments on this interface have been demonstrated. In the process of depositing the p- 

p+-layers, there is a large flux of atomic hydrogen generated (high hydrogen dilution and 

power) which, depending on the substrate temperature can penetrate as much as 200A 

into the a-Si:H. The second possibility that has been suggested elsewhere is that the open 

circuit voltages with a-SiC:H p-layers at or above 0.9 volts become limited by the built-in 

potentials in such cells. 

To establish the limitations imposed by the built-in potentials, which have been 

suggested by the results of v b i  measurements using the electroabsorption technique, we 

undertook a study of the J,-V, characteristics over a wide range of light intensities up to 

-50 AM1. The J,-V, characteristics obtained for the standard a-SiC:Wa-Si:H p-i-n cells 

are shown in Fig. 38, for diluted a-Si:H layers deposited with substrate temperatures of 

130°C and 200°C. It can be seen in Fig. 38 that in both cases there is an approximately 

linear relationship of the lnJ,-V, characteristics, corresponding to the equation 
nkT J ,  

Yoc -In(-) , which holds very well over five orders of magnitude of J, (and light 

intensity). With illuminations of about 50AM1, it was possible to increase the open circuit 

voltage by as much as 120mV above the value obtained at AMI. If the V, was limited by 
vbi ,  a “saturation” in V, should be observed with no krther increase in V, with 

illumination as in Jsc. Since no such saturation is observed in both cases it can be 

concluded that the AM1 V,’s are not limited by the built-in potentials and also that the 

vbi’s are greater than about 1.OV for the 130°C cell (V, at AM1.5 is 0.91V) and 0.99V in 

the 200°C cell (V, at AM1.5 is 0.87V). This is a clear demonstration that the built-in 

potentials are not a limiting factor in our standard p-i-n cells and would not be even for 

V, values as high as 1 volt. In the case of the n-i-p solar cell with the pc-p”/TCO contact, 

this relationship of the InJ,-V, characteristics also holds over more than five orders of 
magnitude as is shown in Fig. 39. However, in this case the open circuit voltage is 1.07V 

at the maximum available illumination of 50AM1, a value which is -1 1OmV above that at 

AM1 (0.96V). Thus 1.07V is a lower limit for the Vbi. The facts that the built-in potentials 

are not limiting the V, in both a-SiC:H and pc-p’-layer cells and that (for the same a-Si:H 

materials deposited at 170°C) the respective AM1 V, values are 0.9V and 0.96V, are 

4 Jo 
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consistent with our conclusion that the p/i interface regions are different for the two 

different p-contacts. It also indicates that open circuit voltages of about 1.1 volts may be 

obtainable with appropriate i-layers and p/i interfaces. 

The above studies were carried out concurrently with those in which real time 

spectroscopic ellipsometry (RTSE) was used to obtain the I 1 1  structural evolution and 

optical properties during n-i-p solar cell preparation. An example of these results is 
presented next, The analysis procedure for the n-i-p cells is similar to that for the p-i-n 

solar cells discussed in Phase I. The full analysis procedure has been applied to an n-i-p 

cell with a widegap amorphous p-layer whose V, is 0.94V. The n-i-p solar cell was 

prepared in the single chamber system with RTSE capability using a Cr-coated c-Si 

substrate held at 200°C. The plasma power-flux densities were 70mW/cm2 for both i- and 

n-layers and 700mW/cm2 for the p-layer. The a-Si:H:P n-layer was prepared onto the Cr 

surface first using a flow ratio of [Si&]:[PH~]=l0:0.2 (in sccm). For the i-layer, a-Si:H 

was deposited without H2-dilution (i.e., a midgap cell) using a 20 sccm flow of Si& at 

0.19 Torr. The widegap p-layer was prepared using flow ratios of 

[SiI-L]:[TMB]:[H2]=1.0:0.05:120 (in sccm) at a total pressure of 0.58 TOK. Surprisingly, 

this led to an amorphous p-layer in spite of the high H2-dilution. Evidently the 

incorporation of TMB in the process thwarts the development of crystallinity as described 

in Sec. 4. The V, performance of the cell was assessed by depositing semitransparent 

metal (Cr) contacts (-150w) on top of the p-layer. 

The upper two panels of Figs. 40(a) and (b) show the final results of the analysis for 

n- and i-layer growth on the Cr and n-layer, respectively. In this plot, E, 6, and db 

represent the volume fiaction of the depositing material that fills the modulations in the 

substrate film roughness layer, the thickness of the surface roughness layer for the 

depositing material, and the bulk layer thickness, respectively. The inset in Fig. 40(b) 

depicts the entire range of db and d, for i-layer growth. The effective or mass thicknesses 

of n- and i-layers, determined according to the equation ‘d,,,=difi+db+O.sd,’ (all final film 

values), are 308w and 51 12A. These values are close to the intended ones of 300w and 

5000A respectively. The upper two panels of Fig. 40(c) show the evolution of d b  and d, 

for widegap amorphous p-layer growth on the a-Si:H i-layer. The scatter in the roughness 
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layer here is attributed to the fact that the p-layer is much more transparent than the i- and 

n-layers. In such a case, roughness is more difficult to detect optically. At the end of p- 

layer deposition, we find that the effective layer thickness is 20113, which is in excellent 

agreement with the intended thickness of 200A for the p-layer. 

The lower panels of Fig. 40 show the dielectric hnctions of each layer in the insets 

(which are obtained along with the microstructural parameters in the analysis) and the 

optical gaps determined using the constant dipole (CD) analysis. The resulting optical gaps 

at 200°C are 1.62, 1.64, and 1.82 eV for the n, i, and p-layers, respectively. These values 

are -0.18 eV Iower than the Tauc gaps measured by T & R at room temperature. Finally, 

it should be pointed out that the key advantage of RTSE is its ability not only to deduce 

the final effective layer thicknesses but also the deposition rates and the optical gaps for 

the separate n, i, and p-layers in the actual cell structures. 

We have also incorporated differently-prepared widegap p-layers (Tauc gap - 2.00 

ev) from S a ,  C&, and TME3 into midgap n-i-p cells fabricated in the single chamber 

system using guidance from RTSE. For all cells, the substrate temperature was 2OO0C, and 

the i-layer was made from pure SiI& at 20 sccm flow. The goal of the study was an 

attempt to optimize widegap p-layers in n-i-p structures from the standpoint of V,. 

Further characterization of the p-layers in the actual solar cell configuration using RTSE is 

required to obtain an improved understanding of the cell results. Such results are reported 

in Sec. 5. Table 10 lists the p-layer gas mixtures along with the resulting V, for the n-i-p 

solar cells. For the first entry of Table 10, the Si:C:H p-layer was &lly amorphous in both 

thin film (200 A) and also thick film (-1 pm) forms. This is the cell whose RTSE results 

appear above in Fig.40. For the second entry, the p-layer was a mixed phase 
amorphous+microcrystalline material as determined in its thick film form. Furthermore 

nucleation of this material on the i-layer in the n-i-p solar cell configuration occurred at 

low density, as might be expected for a microcrystalline structure. However, an RTSE 

analysis has yet to reveal clear evidence of the crystalline phase in this 200 A p-layer 

material, possibly because of the small grain size or its low crystalline volume fraction. It is 

the low nucleation density that leads to the very low V, value for the second entry of 

Table 10. For the third entry, the p-layer conditions were kept the same as for the second 



Table 10 Voc values measured on midgap n-i-p solar cells whose n- and i-layers were 

prepared under identical conditions, but whose widegap p-layers were prepared 

using different mixtures of SiH@&/TMB. The variable parameters used in p- 

layer preparation are the H2-dilution ratio R (R=w2]/( [S@]+[CH&), the 

source gas ratio Z (Z=[CQ]/[Sd!4]), and the doping gas ratio D 

@=[TMB3/([SiH4]+[CH4]}). For the last three entries, the i-layer surface was 

exposed to an H2-plasma prior to p-layer growth. 

p-layer preparation conditions Cell Performance 

Z R D H2-plasma structure Vm (v) 

0 120 0.05 0 amorphous 0.94 

0.67 200 0.2 0 pc in thick layer 0.36 

0.67 200 0.2 133 s pc in thick layer 0.85 

0.67 200 0.05 133 s pc in thick layer 0.89 

0 200 0.05 133 s amorphous 0.88 
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entry, except that a H2 plasma treatment of the i-layer was performed prior to p-layer 

nucleation. This has led to a higher nucleation density and improved V,. For the fourth 

and fifth entries, the deposition conditions were altered by either reducing the doping level 

or the CH4 content in the plasma. Although a small improvement is obtained by reducing 

the doping level, the improvement is not sufficient to lead to results comparable with the 

a-Si:C:H p-layer (first entry). There are two possible explanations for this effect. First, it is 

possible that the microcrystalline layers prepared with TMB are relatively defective. 

Evidence that this is the case is presented in Sec. 4. Another possibility is that the H2 

plasma treatment of the i-layer surface, required in order to generate a high nucleation 

density for the p-layer, is not optimized. This possibility will be discussed hrther in Sec. 5 .  

4. Novel p-Type Materials 

4.1 p-Type Materials Development and Optimization 

In the first part of this Phase, we developed widegap Si,,C, players to be used as 

the top-most junction in n-i-p solar cells. In such a cell configuration, microcrystalline or 

high Hz-dilution amorphous players can be prepared without concern for the interaction 

between the H2-rich plasma and the transparent conductor (which is a major problem, of 
course, in the p-i-n configuration). In our first attempts, however, we prepared a-Sil,C,:H 

players for the n-i-p solar cells in the same way as has been done earlier for p-i-n cells. 

The fourth row of Table 11 shows the relevant properties of our standard a-Si&,:H p-  
layer, prepared to a thickness of -0.82 pm at a substrate temperature of 2OO0C, using a 

[C€&]/[S&] gas flow ratio of Z=4/6 (in sccm) and a dopant gas flow ratio of 
D=[TMB]/{[S&]+[C€&])= 0.02/10 (in sccm). These conditions lead to an E2000 optical 
gap of 1.89 eV which is typically -0.05 eV less than the corresponding gap of similarly 

prepared undoped material. If the energy Ea or E2000-Ea is taken as a measure of the 

quality of doped amorphous materials, then we would conclude that TMI3 doping leads to 

a somewhat inferior bulk a-Sil,C,:Hp-layer than diborane gas doping. This is seen by 
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Table 1 1 Electrical and optical properties of - I .  1-2.3 pm thick microcrystalline Si,& layers prepared at 2OOOC using mixtures of 

SiHdCH.4, TMB, and H2, compared with corresponding results for a-Si,,C,:H prepared without additional Hz dilution, the 

latter doped using either diborane or TMB. Here, we present the E2000 gap, defined as the photon energy at which a=2000 

cm-' in order to compare the absorption properties of mixed-phase microcrystalline films with those that are purely 

amorp how. 

SAMPLE {[&&I Or [ T m ] )  /{[si%] -k [c&] E2000 (ev) Ea (ev) 

pc-Si/a-Si &:H:B 0.2 (TM3) * 0.50 

(as-dep., R= 120,2=0.67) 

pc-Si/a- Si l.sCx: H: B 0.05 (TMB) 1.83 0.60 

(as-dep., R=200,2=0.67) 

pc-Si/a- Si H : B 0.2 (TMB) * 0.52 

(as-dep., R=200,2=0.67) 

a- Si I &: H: B 0.002 (TMB) 1.89 0.55 

(as-dep., Z=0.67) 

a-Si &,:H:B 0.001 (BzHs) 1.87 0.50 

(as-dep., Z=O. 67) 

E2000 - Ea (eV) THICKNESS (pm) 

* 1.14 

I .34 0.8 

* rough surface; accurate T&R data not available 
P 



comparing the fourth and fifth rows of Table 11, the latter being for our standard 

diborane-gas-doped a-Si&,:H, prepared to a similar thickness. In spite of this, the 

interface problems generated by diborane CVD (as documented in earlier reports and 

discussed in more detail below) have led us to adopt TMB for player doping in the p-z-n 

solar cells. Thus, we start out with the same TMB-based a-Sil,C,:H:B formula in our first 

n-i-p cells as described in the next section. 

We have been studying widegap microcrystalline Sil,C, players prepared using 

mixtures of CWSi€&, H2 and TMB. Results for the electrical and optical properties are 

included in Table 11 and Figs. 41 and 42. Figure 41 shows the conductivity versus 

temperature for the microcrystalline films in the second and third rows of Table 11 

prepared with R=[H2]/{[Si€&]+[C&] )=200, Z=[C&]/[Si€&]=4/6, and 

D=[TMB]/([S~]+[C&]}=0.05 and 0.2. Also shown for comparison are the 

corresponding results for the standard TMB-doped a-Sil,C,:H. Figure 42 provides the 

dielectric fbnctions of the final films from which an assessment of the crystallinity and 

structure can be made. In similarity to undoped Sil& films prepared with high Hz- 

dilution, the films of the second and third rows of Table 11 consist of a mixture of 

a-Sil,C,:H, c-Si, and void, quantified by effective medium modeling (see values provided 

in Fig. 42). This modeling approach is expected to yield a lower limit on the Si crystallite 

content because of size effects in the Si nanocrystals, however the relative void volume is 

expected to be accurate. 

As has been suggested by earlier more detailed studies of undoped (but otherwise 

similar) pc-Si:Wa-Sil,C,:H mixed-phase materials, we assume that the a-Sil,C,:H phase 

is characteristic of the purely amorphous material prepared at lower R @e., R=20) but 

with the same value of 2 (ie., 2=0.67 for the materials of the second and third rows of 

Table 1 I). The earlier results showed that the crystallites forming at R>30, are pure Si and 

exclude C from the network, leading to a lower net C content (by volume) in the film. This 

conclusion appears to be valid in the doped film situation as well. It is also possible that if 

C fails to be incorporated within the Si crystallites, B may also be excluded. This would 

occur if the Cj-B bonding units are so strong that they are not dissociated in the plasma. 

The experimental results appear to be consistent with this type of scenario for the 
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Figure 42 The dielectric fbnctions of the 1 .O-1.2 pm thick B-doped microcrystalline 
Sil,C, layers (rows 2 and 3 of Table 11) compared with a 0.82 pm thick B- 
doped a-Sil,C,:H layer (row 4 of Table 1 I). The doping gas in all these cases 
was TME3. Also provided are the compositions of the mixed-phase matefds 
estimated from effective medium theory modeling of the dielectric functions. 
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following two reasons. (i) The conductivity activation energy is high, considering the high 

value of D. This suggests one of two possibilities: either the B is entering the film in a non- 

doping configuration or the B is being excluded from the film as proposed above. (ii) The 

values of the conductivity activation energy for the mixed-phase microcrystalline films are 

similar to those for doped a-Sil,C,:H, suggesting that the conductivity may be controlled 

by the amorphous phase. The much lower conductivity values for the mixed phase films 

may suggest that a lower volume fraction of the film is contributing to the conductivity. 

This may be consistent with the high void volume fiactions in the films. If the ideas 

presented here are correct, then it important to disconnect the processes of B- and C- 

incorporation in the films. Further problems with the doped microcrystalline Si&s 

materials will be discussed next. 

Our studies suggest that the microcrystalline Sil,C, p-type materials made with 

TMB are more defective and have a smaller crystallite size than similarly-prepared intrinsic 

materials prepared without TMB. As an example Table 12 shows microstructural and 

critical point analyses of two mixed phase films prepared from mixtures of S W C W 2 .  

The first is an intrinsic layer prepared with Z=[CH,]/[Si&]=O.67, R=80, D=O, and 

TS=250"C, and the second is a p-type layer prepared with Z=0.67, R=120, D=0.2, and 

TS=20OoC. The latter film exhibits much broader electronic transitions as indicated by 

lower c-Si content even though prepared at a higher H2-dilution level. Although the lower 

Ts may play a role in this effect, we feel that the incorporation of TMB in the process is 

the key factor in reducing crystalline grain size and the degree of crystallinity. This work 

suggests that we should convert our dopant source to either B&& or BF3 for better 

optimization of microcrystalline p-layers in n-i-p cells. Further discussion and verification 

of the problems encountered here will be provided below where the n-i-p cell performance 

characteristics will be presented. 

For comparison with the microcrystalline Sil-sCs p-type films prepared at high H2- 

dilution fiom S3&/CWTMB, we also prepared several films without the CH, additions. 

Figure 43 shows the dielectric fbnctions of microcrystalline Sil& films prepared with 
R=[Hz]/f [Si&]+[C&] )=120 and 200, Z=[C&]/[ Si&]=4/6, and 

D=[TMB ]/( [Si&]+[C&] )=0.2 (filled squares and triangles, respectively). 
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Table 12 Microstructural and critical point analyses of two mixed-phase films 

prepared from mixtures of SiWCHdH2. The first is an intrinsic layer prepared 

with Z=[C&]/[Si&]=O.67, R=80, D=O, and TS=25O0C, and the second is a p- 

type layer prepared with Z=0.67, R=120, D=0.2, and Ts=20O0C. 

Sample Intrinsic Layer p-type Layer 

Eo'-E~ E (ev) 3.413 f 0.083 3.371 f 0.150 

(ev) 0.398 f 0.083 0.484 f 0.150 

4.261 f 0.057 4.249 f 0.288 E2 

l- (ev) 0.243 k 0.057 0.603 f 0.288 

a-Si 0.596 f 0.033 0.602 f 0.047 

Bulk Layer c-Si 0.335 f 0.032 0.053 f 0.012 

void 0.069 f 0.006 0.352 f 0.072 

Surface Roughness 22.8 f 11.6 57.75 f 6.05 

I I I Thickness (A) I 
0.5 fixed Surface I a-Si 0.523 f 0.192 

Roughness c-Si 0.106 f 0.113 0 

Layer void 0.371 f 0.155 0.5 fixed 
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Fig.43 The dielectric functions of B-doped Si ,& layers. The doping gas in all these 
cases was TMI3. Also provided are the compositions of the mixed-phase materials 
estimated from effective medium theory modeling of the dielectric functions. 
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These films consist of a mixture of a-Sil&:H, c-Si, and void, as quantified by effective 

medium theory modeling (see values provided in Fig. 43). The film with the dielectric 

finction shown in Fig. 43 as the open circles was prepared with high H2-dilution (R=120), 

D=0.05, but without the C€& addition @e., Z=O). The dielectric fbnction of this film 

prepared to a thickness of -0.8pm, appears to be characteristic of a purely amorphous 

material, in spite of the high-H2-dilution. The constant dipole (or Cody) optical gap b) 
of this material deduced from RTSE data at 200°C is 1.84eV, and the value of E2000 

deduced from T & R at room temperature is 1.98eV. These values are higher than those of 

the p-layers discussed above. As a result, we expect this material to be promising as a 
novel p-layer candidate. In fact, the highest V, value obtained to date for an n-i-p solar 

cell with a midgap i-layer (i.e., no H2-dilution) has been obtained using this material as the 

p-layer (see Secs. 3 and 4.2). 

These studies of the high &-dilution a-Si:C:H prepared from SiHJI'MB (no C&) 

suggest that the TMB, employed as a dopant, thwarts the development of microcrystals. 

As an example, Table 13 shows the microstructural analysis of two thick (-0.8-1.6 pm) 

doped Si layers. The first is a p-type layer prepared from a 120/1 gas flow ratio (in sccm) 

of H2/Si& @=~2]/[Si€&]=120) with D=[TMB]/[Si€€+]=O.05 and a substrate temperature 

(Ts) of 200°C. The second is an n-type layer prepared fiom a 100/2 gas flow ratio (in 

sccm) of (R=50) with D=[PH;]/[Sa]= 0.009 and TS=20O0C. This comparison 

shows that the p-type layer is amorphous, whereas the n-layer is microcrystalline, even 

though the latter was prepared at much lower H2-dilution level. 

4.2 n-i-p Solar Cells Incorporating Novel p-Layers 

We have prepared a series of n-i-p midgap solar cells on Cr-coated c-Si substrates 

held at 200°C. The depositions were performed in our single chamber system with real 

time monitoring by spectroscopic ellipsometry (RTSE). The mixed-phase microcrystalline 

and amorphous Sil,C, p-layers discussed in Sec. 4.1 have been incorporated into the cells. 
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Table 13. Microstructural analysis of two thick, doped Si layers. The first is a p-type 

layer prepared from a 120/1 gas flow ratio (in sccm) of H2/Si€& 

(R=@&]/[Si€&]=lZO) with D=[TMB]/[Si&]=O.05. The second is an n-type 

film prepared fiom a 10012 gas flow ratio (in sccm) of H*/Si€& (R=50) with 

D=[PHj]/SLE&]= 0.009. 

I I Surface surface Roughness Layer 

Sample Bulk Layer Roughness 

Thickness (A) 
a-Si c-Si void 

1 0.01 I 
I B-doped p-layer I 0.77* I 0 0.23 f 24 

0.01 f 5  

P-doped n-layer 0.44 0.26 f 0.30 f 128 

0.10 0.03 f 11 

a-Si 

0.5 

0.28 f 

0.03 

c-Si 

0 

0.22 f 

0.03 
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The n- and i- layers were prepared using the same conditions as for our standard midgap 

p-i-n cells. The performance of the n-i-p cells was assessed by depositing semitransparent 

metal (Cr) contacts (-15081 thick) on top of the p-layers and illuminating through the 

contacts. Table 14 includes the values of V, for cells with p-layers prepared using 

different gas mixtures. The best V, of 0.942V is obtained for the widegap p-layer 

prepared under the conditions (R=120, Z=O, D=0.05) which yielded purely amorphous 

material in the thick-film studies as is shown in Fig. 43 (open circles). This V, value is in 

fact -100 meV larger than that of the standard p-layers prepared without high Hz dilution. 

Figure 44 shows the results for the time evolution of void volume fiaction and thickness 

for three n-i-p solar cells with different Sil,C, p-layers. These results were obtained in a 

simplified analysis of RTSE data assuming a single layer model for p-layer growth on the 

i-layer. The validity of this model will be discussed hrther in Sec. 5. The top figure shows 

the results for the cell in the first row of Table 14 with an intended a-Si&,:H/yc-Si:H 

mixed phase p-layer whose dielectric fbnction in thick film form is given in Fig. 43 as the 

squares. For this p-layer, additional carbon was incorporated using Z=[C&]/[SiH+O.67. 

The results in the middle and at the bottom in Fig. 43 are for the high V, cells in the 

second and third rows of Table 14 with the purely amorphous widegap p-layer whose 

dielectric fbnctions in thick film form are given by the open circles in Fig. 43. In this case, 

the carbon in the films comes only from the TMB dopant gas whose concentration is 

maintained at a lower value than those used in the other p-layer depositions as shown in 

Fig. 43 and Table 14. One of the goals of our research is to use RTSE for improved 

control of the the p-layer thickness in order to obtain the desired value of 20081. The 

difference between the middle and the bottom panels of Fig. 44 is due to the difference in 

the p-layer thicknesses. The middle figure was obtained in a growth process without p- 

layer thickness control, and the results suggest that the thickness may be too large for the 

low carbon content p-layer cell. For the cell in the bottom figure, the thickness is 

controlled to be -2OOA by terminating the deposition at the correct time. The p-layer 

thickness control appears to account for the increase in V, from 0.89 to 0.94 V, as shown 

in Table 14. Figure 45(a) shows a 3x3ym2 AFM image of the top surface for the best V, 

solar cell of Table 14. The root-mean-square (rms) roughness layer thickness extracted 
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Table 14 

Sil,C, p-Iayers doped with TMB. 
Open circuit voltages for midgap a-Si:H n-i-p cells prepared with different 

sample H2 CH-4 SiH.4 TMB v, 
(p-layer) (sccm) (sccm) (sccm) (sccm) (v) 

mixed-phase 120.0 0.4 0.6 0.2 0.664 

a-Si:H:B:C 120.0 0 1 .o 0.05 0.891 
vc-Si/a-Sil,C,:H:B 

(thickness not controlled: 
d=245A) 

(thickness controlled: 
d=l99A) 

pc-Si/a-Sil,G:H:B 
(No H-treatment) 

pc-Sua-Si I,C,:H:B 

a-Si:H:B:C 120.0 0 1 .o 0.05 0.942 

mixed-phase 200.0 0.4 0.6 0.2 0.360 

mixed-phase 200.0 0.4 0.6 0.2 0.820 

~~ (H2-plasma ~~~ treatment) ~~ ~ ~ ~~ ~ ~ -~ 
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Fig. 44 Time evolution of void volume fraction and thickness for n-i-p solar 
cells with amorphous (middle and bottom) and microcrystalline (top) 
Si I - ~ C ,  p-layers. For the data at the top, the cell properties appear in 
the first row of Tablel4. For the data at the middle and bottom, the cell 
properties appear in the second and third rows of Table 14. The p-layer 
compositions are same for the middle and bottom data. The only 
difference is the thickness of the p-layers. 
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c 
f. 

Figure 45 Surface roughness as imaged by Atomic Force Microscopy (AFM), The rms 
values of surface roughness deduced by the AFM measurement are 12 and 
21A for the top and bottom pictures. For the p-layer surfaces at the top and 
bottom, the corresponding cell properties appear in the third and fourth rows 
of Table 14, respectively. 
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from the AFM data is 1281. From monitoring the growth of this film with RTSE we 

obtained a value of -1311 for the final thickness of surface roughness based on the 

effective medium approximation (EMA) analysis and a two-layer model pig. 401. 

Next, we will provide some insights into the reason why the V, is for the 

microcrystalline layers in the first and fourth rows of Table 14 are so low. We propose that 

in the initial stages of growth, carbon is incorporated into the near surface of the i-layer. 

This carbon stabilizes the network and thwarts the ability of the atomic hydrogen in the 

gas phase to penetrate the sub-surface where it is able to break Si-Si bonds and thus 

allowing the network to relax which leads to nucleation sites at the i-layer surface. In 

order to check this idea, experiments were carried out using an initial H2-plasma treatment 

of the i-layer surface before p-layer growth. The results of this test are shown in Table 14 

and Fig. 46. The results shown in Fig. 46 (open and filled circles) correspond to the cells 

given in the fourth and fifth rows in Table 14, respectively. The improvement of V, 

(0.36V to 0.82V) may be explained by the greatly enhanced nucleation densities of the p- 

layer material. For the low V, solar cell, the layer thickness is -16081 when the void 

content drops below -50 vol.%. This low density suggests that the nuclei are just starting 

to coalesce at ZOO& which is the final desired p-layer thickness. In contrast, for the H2- 

plasma treated layer, the p-layer (filled circles in Fig. 46) reaches the critical 50 vol.% void 

density point at a thickness of -9Ofi. In conclusion, the H2-plasma treatment is effective in 

generating nucleation sites before the surface is exposed to carbon. The results in Fig. 46 

indicate possible hrther improvement of V, (i.e., over 0.82V). The data given by the 

filled circles suggest that the thickness of the p-layer may be too small. Although the 

intended thickness was 200& the actual thickness is found to be -15081. This problem can 

be rectified by extending the deposition time in the next cell fabrication. 

The AFM image is shown in Fig. 45(b) for the top surface of the low V, cell whose 

characteristics are listed in the fourth row in Table 14. The rms value of the roughness 

layer thickness deduced from AFM is 2181. This result suggests that the magnitude of 

surface roughness for the microcrystalline p-layer is relatively high compared with the 

amorphous p-layer. This may be attributed to a lower nucleation density for the former p- 

layers, observed by comparing Figs. 44 (bottom panel) and 46 (open circles). 
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Fig. 46 Evolution of the void volume fraction with thickness for two microcrystalline 
Si 1 -.$, p-layers of n-i-p solar cells. For the open and filled circles, the cell 
properties appear in the fourth and fifth rows of Table 14. For the data given by 
the filled circles, the initial i-layer surface was exposed to an H, plasma to 
enhance the p-layer nucleation. 
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4.3 Optical Properties of the Doped Layers in the Device Configuration 

In extending the RTSE studies, we have determined the optical properties of thin 

microcrystalline p- and n-layers in situ in the actual device configuration. To our 

knowledge, this is the first time such results have been obtained. Because of this, and 

because of the importance of these layers in device performance and modeling, it is of 

interest to compare the results obtained here for the thin microcrystalline films to those 

obtained for their thick film counterparts and the conventional amorphous doped layers. In 
Sec. 4.2, we assumed that, because doped layers were microcrystalline in thick film form, 
their thin film counter-parts were also microcrystalline. This assumption is not necessarily 

correct, and must be tested on a case-by-case basis. We do this here for the p-layer in the 

cell given by the fifth entry of Table 14, and also for an n-layer prepared under high H2- 

dilution conditions. 

Figs. 47 and 48 show the dielectric functions of p- and n-type microcrystalline 

layers prepared with R=200 (Table 14, fifth entry) and R=50, respectively, along with the 

corresponding results for conventional doped amorphous layers with R=O, all obtained in 

the device configuration. Three points can be made concerning the differences between the 

two pairs of spectra. First, the doped amorphous layers have a larger dielectric function 

magnitude than the microcrystalline layers. This suggests a higher void volume fraction in 

the bulk for the latter layers. Second, the absorption onsets are shifted to higher energy for 

the microcrystalline films, and this provides evidence for their microcrystalline nature, even 

though the E1 critical point in the dielectric functions near 3.3 eV is not evident. Third, the 

shifi in the absorption onset for the doped microcrystalline materials leads to a significant 

reduction in the absorption amplitude below 2.5 eV. It is this effect that will lead to the 

device improvements, as long as the other doped-layer properties are not degraded. Figure 

49 shows a direct comparison between the dielectric functions of the microcrystalline n- 

and p-type layers of Figs. 47 and 48. These results suggest that the p-type material is more 

defective, having higher contents of voids and amorphous component. 
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Figure 47 The dielectric hnction of the p-type microcrystalline layer in the cell given 
as the fifth entry of Table 14. This p-layer was prepared from gas flow ratios 
of Si€&:C&:TMB:He:H2 given by 0.6:0.4:0.2: 10:200, with an r f  power 
density of 700 mW/cm2, and a pressure of 0.9 Torr. Corresponding results 
are also shown for a conventional p-type amorphous layer prepared from 
SiHJ:C&:TMB:He of 6:4:0.02:1, with an rf power density of 70 mW/cm*, 
and a pressure of 0.13 Torr. All results were obtained in the device 
configuration. 
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Figure48 The dielectric hnction of an n-type microcrystalline layer prepared fiom a 
gas flow ratio of SiK:PH3:H2 given by 2:0.012:100, with an rf power 
density of 700 mW/cm*, and a pressure of 0.5 Torr. Corresponding results 
are also shown for a conventional n-type amorphous layer prepared fiom 
SiK:PH3 of 1O:O.Z. with an rfpower density of 70 mW/cm2, and a pressure 
of 0.12 Torr. All results were obtained in the device configuration. 
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Figure 49 A direct comparison between the dielectric hnctions of the microcrystalline 
p- and n-type layers of Figs. 47 and 48. These results suggests that the p- 
type material is more defective with higher contents of voids and amorphous 
component. 
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Finally, in Figs. 50 and 51 comparisons are shown between the pseudo-dielectric 

functions of thin (200-300 A) doped layers in the device configuration and the thick layers 

used for property evaluation. These data are obtained directly from the ellipsometric 

spectra without correcting for the surface roughness or bulk (doped-layer) transparency. 

The data were collected ex situ at room temperature in order to obtain a wider spectral 

range (to 4.8 ev) so that the sharpness of E2 transition in Si near 4.2 eV can be assessed. 

Three conclusions can also be drawn from these data. First, the amplitudes of the dielectric 

function are reduced in the thick layers. This effect can be attributed to a much thicker 

surface roughness layer on the thick layers. Second, the E2 transition is sharper in the 

thicker films due to the larger grain size (which also contributes to the thicker surface 

roughness layer). FinaIIy, the absorption onset for the thinner films appears to be sharper. 

The exact origin of this effect is unclear. It is possible that quantum size effects in the 

smaller crystallites in the thin films generate such an effect. This leads to a blue shift of the 

band gap and behavior closer to that observed in direct gap materials (i.e., an abrupt 

absorption onset). 

4.4 Collaboration with USSC in Incorporating p-Layers in n-i-p Solar Cells 

Studies have been performed on the n-i-p cell structures fabricated in our multi- 

chamber system in addition to those fabricated in the sinsle chamber system equipped with 

real time spectroscopic ellipsometry (RTSE) capabilities as reported in Secs. 4.1-4.3. The 

n-i-p structures fabricated so far in our multi-chamber system are summarized in the 

following: 

TS=200"C 

1. Stainless Steel/ n+(pc-Si)/ i(undi1uted a-Si:H)/ p'(a-SiC:H)/ IT0 (by USSC) 

2. Stainless Steel/ n+(pc-Si)/ i(undi1uted a-Si:H)/ p'(a-SiC:H)/ Cr 

3. Stainless Steel/ n'(pc-Si)/ i(undi1uted a-Si:H)/ p'(pc-Si, by USSC)/ IT0 

(by USSC) 
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Figure 50 A comparison between the pseudo-dielectric function of the thin (-240 A) 
p-layer of the cell of Table 14, fifth entry, in the actual device configuration 
and that of an identically-prepared thick layer (-0.5 pm) used for property 
evaluation. These results are obtained directly fiom the ellipsometric spectra 
(v, A) without correcting for surface roughness or doped layer thickness 
(hence "pseudo-dielectric function"). The data were collected ex situ at 
room temperature in order to obtain a wider spectral range (to 4.8 eV) so 
that the sharpness of the E2 transition in Si can be assessed. 
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Figure 51 A comparison between the pseudo-dielectric fbnction of a thin (-270 A) n- 
layer in the device configuration and that of an identically-prepared thick 
layer (-1.4 urn) used for property evaluation. These results are obtained 
directly from the ellipsometric (iy, A) spectra without correcting for surface 
roughness or doped layer thickness (hence "pseudo-dielectric fbnction"). 
The data were collected ex situ at room temperature in order to obtain a 
wider spectral range (to 4.8 eV) so that the sharpness of the E2 transition in 
Si can be assessed. 
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T,= 170°C 

4. Stainless Steel/ n'(pc-Si)/ i(di1uted a-Si:H)/ p'(a-SiC:H)/ Cr 

5. Stainless Steel/ n"(pc-Si)/ i(di1uted a-Si:H)/ p+(pc-Si, by USSC)/ IT0 

(by USSC) 

These structures were utilized in studies related to V, in which the effects of p-contacts 

were investigated afker the deposition of IT0 at USSC. The open circuit voltages obtained 

with the pc-Si p-contacts (deposited after a long exposure to air between State College, 

PA and Troy, MI) were -4OmV higher than those with the a-SiC:H p-contacts for the 

diluted cells deposited at Ts=1700C and -90mV higher for the undiluted cells deposited at 

TS=200"C. It should be noted that both these n-i-p (a-SiC:H) cells had the same values of 

J,, V, as the corresponding p (a-SiC:H)-i-n cells. However, thus far we have not been 

able to obtain fill factors in the n-i-p (a-SiC:H) cells which are the same as those in the 

corresponding p (a-SiC:H)-i-n cells. In the p-i-n structures the fill factors are greater than 

0.7, whereas in the n-i-p cells they were around 0.6 depending on the i-layers. At this time, 

the reason for this dramatic change is not known but studies are being undertaken to 

identifjr the causes and then to rectify them. 

5. Solar Cell Interfaces 

5.1 The Top Junction of the p(a-Si&,:H)-i(a-Si:H)-n(a-Si:H) Solar Cell 

We have studiedpli interface effects in p-i-n cells in greater detail in an attempt to 

understand the residual processes that give rise to small sub-monolayer level interface 

discontinuities in the real time ellipsometry trajectories even for optimized interfaces 

formed with TMB-prepared players. 

Figures 52 and 53 provide a review of the phenomena involved. In Fig. 52, we 

present a comparison of the trajectories in the ellipsometry parameters at 2.45 eV near the 

p/i interface for (a) a midgap a-Si:H cell incorporating an i-layer from pure Si€& and an a- 

Sil,C,:H:B player from a B*l& doping source and (b) an a-Sil,C,:H alloy cell 
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Figure 52 A comparison of the trajectories in the ellipsometry parameters (w,A) at 
2.45eV near thep.4 interface for (a) a midgap a-Si:H cell incorporating an i- 
layer from pure Si& and an a-Sil,C,:H:B p-layer fiom a B2& doping source 
and (b) an a-Sil,C,:H alloy cell incorporating an i-layer prepared with R=10 
and an a-Sil.,Cs:H:B p-layer from a TMB doping source. In both cases, thep- 
layer gas is terminated at the same time as the plasma and a 50 minutes Ar- 
flush is used before bringing in the i-layer gas. 
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Figure 53 Time evolution of the ellipsometric parameters (w A) at 2.45eV during the p/i 
interface formation processes for (a) the a-Si:H solar cell of Figure 52(a) and 
(b) the a-SiI,Cs:H cell of Figure 52(b). The quantities A Y  and AA indicate the 
magnitude of the discontinuity in the data that develops between turning off 
thep-layer plasma and gas source and turning on the i-layer gas source. 
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incorporating an i-layer prepared with R=10 and an a-Sil,C,:H:B player from a TMB 

doping source. In both cases, the substrate temperature was 2OO0C, the player gas was 
terminated at the same time as the plasma, and a 50 minutes Ar flush was performed 

before bringing in the i-layer gas. In Fig. 53, we present the time evolution of the 

ellipsometric parameters (w, A) at 2.45 eV during the same two p/i interface formation 

processes. In the case of the player doped with B2&, there is a >lo shift to higher A 

during the Ar flush. The resulting discontinuity in the ellipsometric angles Y and A 

between the end of thep-layer and the start of the i-layer is attributed to film formation on 

the surface during the Ar flush due to dopant gas-related contamination. This effect 

corresponds to the formation of a mass thickness of about a monolayer (1.7A). 

The discontinuity in Y and A between the end of the player and the start of the i- 

layer is much weaker in the case of the p-layer prepared from TMJ3 (<0.2" in A). 

However, there is still an effect that is occurring at the level equivalent to 0.1 monolayer 

contaminant coverage. This process has two interesting characteristics (see Figure 53): (i) 

a very small shift to higher A that occurs in the initial stages of the Ar flushing and (ii) an 

almost complete reversal of this shift that occurs when the i-layer gas (with R=10 and 

2=0.67) is brought into the chamber before striking the i-layer plasma. In our current 

research, we are attempting to (i) understand these residual effects that are observed under 

our present optimum interface formation procedure and (ii) possibly eliminate the effects 

and improve interfaces even krther with an appropriate processing procedure. 

In the recent studies, we have made the following observations with regard to the 

shift to higher A during the Ar purge: 

(1) The residual small shift to higher A (in the direction of film formation) as in Fig. 

52(b) when the Ar purge gas is brought into the chamber is observed even when the 

previous film is intrinsic a-Si:H or a-Sil,C,:H. As a result, this small shift cannot be 

attributed to dopant-related contamination. This does not invalidate our conclusions based 

on flushing after the B2€& grown player, since in that case the A shift is always much 

larger. [Compare Fig. %(a) and (b).] 



(2)  Flowing pure Si& or Si&+C& over the surface of any amorphous material (p- or 

i-type; a-Si:H or a-Sil,C,:H) after its deposition does not lead to any significant shift in A. 

This suggests that the shift in A is specific to the Ar gas flow. 

Three scenarios are possible. (i) The Ar gas, because of its higher flow (100 sccm) 

in comparison with the reactive gases (Si&+C&; -10 sccm), is physically sweeping 

contaminants fiom the walls. We need to perform experiments as a fbnction of Ar flow to 

test this possibility. (ii) The Ar gas contains contaminants such as H20 that react with the 

surface. This seems unlikely since we are using ultrapure Ar (99.9995% pure); however, 

with the high flow and submonolayer detectivity we cannot rule out this possibility. (iii) 

The Ar is being physisorbed onto the film surface. 

Observations made in regard to the small shift to lower A during the i-layer gas 

flow are the following: 

(1) The shift to lower A (in the direction of film removal) as in Fig. 52(b) when the i- 

layer gases are brought into the chamber is observed even when the previous film is 

intrinsic a-Si:H or a-Sil,C,:H. 

(2)  The shift is due primarily to the H2 component of the gas mixture. There appears 

to be an optimum pressure of H2 for the apparent film removal process. In our a-Sil,&:H 

film growth process, this occurs when R=10, corresponding to a partial H2 pressure of 

-0.5 Torr. 

Here again at least two scenarios are possible. (i) Molecular H2 is physically or 

chemically removing weakly-bonded species from the film surface. Because of the stability 

of Hz, a second possibility is more likely. Namely, (ii) H2 is being dissociated by the 
internal components of our heaters within the chamber and some of the atomic H is 

reacting with the surface to remove weakly-bound material. The optimum H2 pressure 

could be related to a mean fiee path effect in that at lowest pressures there is a lower 

concentration of H2 (and thus less atomic H), but at the highest pressures the atomic H can 

recombine in the gas phase before it reaches the surface. 

Another interesting possibility for both the Ar and i-layer gas flushing effects is 

related to temperature changes at the film surface. In our initial assessment of these 

changes, we relied on an internal thermocouple to reach the conclusion that the sample 
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temperature increase during Ar flushing and the decrease during H2 gas flow is insufficient 

to account for the residual changes in A. However, if the temperature changes at the film 

surface are much larger than previously thought, then our conclusion could be in error. We 

plan to assess these changes using c-Si as a thermometer based on optical detection, as we 

have done in our diamond film growth studies. An assessment of these changes is also 

important to the extent that the true surface and nominal substrate temperatures may be 

quite different under Certain high flow, high pressure processing conditions. Thus, research 

in Phase I11 will be undertaken in an attempt to sort out all these possibilities and improve 

thep/i interface for improved solar cell performance. 

In modeling the performance of a-Si:H p-i-n solar cells, one needs to know the 

basic bulk properties of the material components and how these properties are modified 

due to the particular conditions that exist in the formation of the actual solar cell structure. 

For example, in modeling cell performance, it has been found that the detailed cell 

characteristics can only be explained if the properties of the i-layer close to the p-i 
interface (first 1OOA) are different than those in the bulk. For example, either a narrowing 

of the optical gap or an increase in the density of gap states (or a combination of both) can 

generate an effect needed to explain the experimental results. This is an area where RTSE 

can make an impact on our understanding of devices. Figure 54 shows the optical gaps 

for the i-layer in a p-i-n cell deduced assuming that the layer is uniform. The 

measurements were collected at two different stages of the growth process: (a) after 100 

A of growth on the p-layer surface, and (b) at the end of the growth process after 4500 A 
is deposited. The optical gaps in these two cases differ by no more than 10 meV, which is 

the experimental error in the measurements. Thus, in modeling the cell performance, one 

cannot appeal to a band gap narrowing effect of more than 10 meV in the first 100 A of 

the i-layer. 
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Figure 54 Optical gap determinations for the i-layer in a p-i-n cell deduced assuming 
that the layer is uniform. The measurements were collected at two different 
stages of the growth process: (a) after 100 A of growth on the p-layer, and 
(b) at the end of the growth process after 4500 8, is deposited. The gaps in 
these two cases differ by no more than 10 meV, which is the experimental 
error in the measurements. 
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5.2 The Bottom Junction of the p(a-Sil ,C,:H)-i(a-Si:H)-n(pc-Si:H) Solar Cell 

Although the top junction of the a-Si:H p-i-n cell is of greatest interest for 

improving cell performance, real time monitoring of the entire cell including the bottom 

junction is also of interest, especially when a microcrystalline Si n-layer is used. Figure 55 

shows the microstructural evolution of a pc-Si:H n-layer prepared on an i-layer using gas 

flow ratios of 2:0.012:100 Si&:PH&, an rf power density of 700 mW/cm2, and a 

pressure of 0.5 Torr. A H2 plasma pretreatment of the i-layer prior to microcrystalline n- 

layer growth was not found necessary to ensure a solar cell performance similar to that of 

an a-Si:H:P n-layer. In spite of this, future efforts will look into the effects of such 

pretreatments at the bottom junction of the p-i-n cells. Specifically, the cell of Fig. 55 

showed a V, of 0.84 V, identical to that for a similarly-prepared cell with an a-Si:H:P n- 

layer. 

Three structural parameters are shown in Fig. 55: (a) the volume fraction of 

additional Si-H bonds that form in the near-surface (top 200& of the underlying i-layer 

(as a result of its exposure to the H-rich plasma during nucleation of the n-layer), (b) the 

bulk n-layer thickness, (c) the roughness thickness on the n-layer, and (d) the volume 

fraction filling of the surface roughness on the i-layer to yield interface roughness 

between the i- and n-layers. In the analysis of Fig. 55, we assume that once the bulk n- 

layer begins to grow (i.e., after interface filling), the underlying i-layer is no longer 

modified. This approach is reasonable since it takes 30 s for the bulk layer to form, and 

this is about the same time required to modify the i-layer to saturation with a pure HZ 
plasma under similar conditions @e., rfpower density of 700 mW/cm2, and a pressure of 

-0.9 Torr). Figure 55  shows that in the initial 30 s, the 25 A thick surface roughness 

modulations on the i-layer fill with n-layer material, the i-layer is modified such that 
-0.14 volume fraction of new Si-H bonds form (corresponding to -3.5*1 at.% 

additional bonded H), and the n-layer surface roughness develops to a thickness of -25 

A. With the start of bulk n-layer formation at 30 s, the underlying structure is assumed 

to be stable, and the bulk layer grows linearly as a fbnction of time with a rate of 0.77 

&s. Concurrently, roughness on the n-layer gradually increases to a thickness 
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Figure 55 Microstructural evolution of a pc-Si:H n-layer prepared on the i-layer of a 
p-i-n cell using ratios of PH3:Si€&:H2=0.012:2: 100, an rf power density of 
700 mW/cm2, and a pressure of 0.5 Torr. Three structural parameters are 
shown: (a) the volume fraction of additional Si-H bonds that form in the 
near-surface (top 200-25OA) of the underlying i-layer (as a result of its 
exposure to the H-rich plasma), (b) the bulk n-layer thickness, (c) the 
roughness thickness on the n-layer, and (d) the volume fiaction filling of the 
surface roughness on the i-layer to yield interface roughness between the i- 
and n-layers. In the analysis, we make the assumption that once the buIk n- 
layer begins to grow (i-e., after interface filling), the underlying i-layer is no 
longer modified. The final effective thickness of the n-layer including 
contributions from the interface roughness, bulk, and surface roughness 
layers is 272& which is somewhat less than the intended value of 30081. 
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of 54 A. The final effective thickness of the layer is 272 

the intended value of 300 A. 
which is somewhat less than 

Figure 56 shows the dielectric fbnction and optical gap for the n-layer deduced in 

the same analysis as was used to obtained the results on the microstructure in Fig. 55. If 

one were to use the ~ 2 ' ~  approach for obtaining the optical gap, a value of 2.28 eV is 

obtained. This translates into a room temperature gap of 2.38 eV if the temperature 

coefficient of the gap for this material is the same as that of a-Si:H. In fact, measurements 

of the cell at room temperature yield a 2.39 eV gap, as obtained by the Same ~ 2 ' ~  

extrapolation approach. The very high value for the 200OC gap in Fig. 56 suggests that this 

layer is in fact microcrystalline, and that in determining the gap, the crystallites play an 

important role. Thus, the ~ 2 ' ~  approach for determining the gap is likely to be incorrect 

since it is based on the assumption of an amorphous material. 

5.3 Top Junction i/p Interfaces in n-i-p Cells 

We have prepared a series of 17-i-p midgap a-Si:H solar cells on Cr-coated c-Si 

substrates held at 200°C. The depositions were performed in our single chamber system 

with real time monitoring by spectroscopic ellipsometry (RTSE). Both amorphous and 

mixed-phase microcrystalline Si& p-layers have been incorporated into the cells. The 

properties of similarly prepared, but much thicker p-layers were presented in Table 11 

above. The n- and i-layers were prepared using the same conditions as for our standard 

midgap p-z-n cells. The performance of the cells was assessed by depositing 

semitransparent metal (Cr) contacts on top of the player and illuminating through these 

contacts. 

Table 15 includes the V,, values for cells having p-layers prepared using different 

player gas mixtures. The fourth entry in the table shows the results for our standard 

a-Sil,C,:H:B doped using TMB gas. All preparation parameters for this cell match those 

used for the 8.4% efficient p-i-tz cell of Table 7, deposited in the same single chamber 

system. We find that the V, values for the two cells are very close (0.84 V for p-i-n vs. 

0.83 V for n-i-p). At this point, Table 15 shows that the best V, of 0.94 V is obtained for 



Table 15 Open-circuit voltages for midgap a-Si:H n-i-p cells prepared with either 

intended microcrystalline Sil& or a-Sid,:H players doped with TMB 
using preparation techniques described under Section 4. 

sample H2 CH4 siH4 TMB VOC 
@-layer) (sccm) ( sccm) ( sccm) ( sccm) (V) 

mixed-phase 120.0 0.4 0.6 0.2 0.664 
,,.n.5 

a-Si:C:H:B 120.0 0 1 .o 0.2 0.726 
a-Si:C:H:B 120.0 0 1 .o 0.05 0.942 

I I 

a-SiL,:H:B I 0 6.0 I 0.02 I 0.832 1 
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Figure 56 Dielectric fbnction at 200°C and optical gap determination for the n-layer of 
Fig. 5 5 .  As usual, the optical gap is obtained by extrapolation of ~ 2 ' ~ .  The 
wide optical gap is attributed to the effects of Si crystallites. 
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an a-Si:C:H player in which the lower doping gas ratio of 

D=[TMB]/([SW]+[C&]]=0.05 is used, and the only C in the film comes from the TMB 
doping gas source (Le., Z=O, so no CHd is added). 

In the absence of RTSE measurements, very little understanding can be gained 

from an inspection of the results in Table 15. In the particular appIication of 
microcrystalline film nucleation, however, RTSE is a very valuable tool that can establish 

the directions of fiiture optimization experiments. Earlier results reported in Sec. 3 have 

shown that the evolution of the layer thicknesses and the optical gaps of the separate 

layers can be deduced from the RTSE data. Here, we focus on the nucleation of thep- 

layer on top of the i-layer. For the a-Sil,C,:H:B player deposited on the a-Si:H i-layer 

(Table 15, row 4), the scale of nucleation is smaller than the i-layer surface roughness 

thickness (-2OA) and so is undetectable. In this case, the filling of the i-layer surface 

modulations byp-type material is the dominant observable process. In contrast, for the 

case of the mixed-phase pc-Si:H/a-Sil_sC,:H:B (Table 15, row I), nucleation is expected 

to be detectable, and an approximate nucleation density and the evoiution of void volume 

fraction with player thickness may be extracted from RTSE data in a simplified one-layer 

analysis. Figure 57 shows results for the time evolution of void volume fraction and 

thickness obtained from the simplified analysis for two n-i-p solar cells with widegap p-  

layers. The results at the top are for the cell of the first row of Table 15 in which the p- 

layer is a mixed-phase pc-Si/a-Sil,C,:H material and additional C was incorporated into 

thep-layer using Z=[C&]/[SiH+ 0.67. The results at the bottom are for the highest V, 

cell of the third row of Table 15. In this latter case, the p-layer is purely amorphous (a- 

Si:C:H:B) and the only C in the film comes from the TMB dopant gas which is maintained 

at a lower flow ratio than for any of the microcrystalline player depositions. 

A comparison of the results in the two panels of Figure 57 provides some insight 

into the reason why V, for the high C-content microcrystalline layer is so low. At the end 

of the deposition when the high C-content microcrystalline player reaches -2204 the 

layer still contains -50 vol.% voids. This low density suggests that the nanocrystal nuclei 

are just starting to make contact. If the nuclei were hemispherical in shape and arranged on 

a square grid, 50% voids in a 22 A thick film would imply an average spacing of 
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Figure 57 Time evolution of void volume fraction and thickness for two n-i-p solar cells 
with widegap players. For the data at the top, the cell properties appear in 
the first row of Table 15. In this case, the layer is mixed-phase 
(psi + a-Sil,Cs:H) and additional C was incorporated into the player with 
Z=[CH4]:[Si&]=4/6. For the data at the bottom, the cell properties appear in 
the third row of Table 15. In this case, the layer is a-Si:C:H:B and the only-C 
in the film comes from the TMB dopant gas. 
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-400-5OOA between nuclei. Because the nuclei are actually randomly distributed, we 

expect that there will remain some regions of the i-layer that have not been covered byp- 

type material. Such a microstructure would give rise to p-layer shunting and could account 

for the low V,. In contrast, the a-Si:C:H:B p-layer reaches the critical 50% density point 

only after about 30A. In fact, after -2OOA a bulk density structure is reached. Thus, we 

attribute the improvement in V, from 0.66 to 0.94 V for the n-i-p cells to an enhancement 

in the nucleation process for the amorphous p-layer. This enhancement leads to a thinner 

film at which coalescence occurs and a denser microstructure in comparing films of similar 

thickness. 

We have studied the role of H2-plasma treatments in improving the nucleation of 

widegap microcrystalline p-layers on the i-layers of a-Si:H midgap n-i-p solar cells. Figure 

46 shows the effect of a Hz-plasma treatment of the i-layer on the initial nucleation of a 

microcrystalline p-layer. The preparation conditions for the p-layer in this case are given in 

Table 10 (second and third entries) and discussed hrther in Sec. 4. The H2-plasma 

treatment was performed for about 2 min using the same plasma power as is used for p- 

layer preparation (10 times higher than that used for the i-layer). In Figure 46, the void 

volume fraction in the nucleating film is plotted versus film thickness. In this way, one can 

obtain a good relative estimate of the thickness at which nuclei make contact ("contact 

thickness"). The contact thickness is obtained as the thickness at which the void volume 

fraction drops below 0.5. We have proposed that the factor of two reduction in the 

contact thickness that occurs as a result of the H2-plasma treatment leads to a more 

completely covered i-layer surface and the significant increase in V, from an unacceptably 

low value of 0.36 V to a more reasonable value of 0.85 V. However, as mentioned above, 

even with the H2-plasma treatment and microcrystalline growth conditions, we have been 

unable to raise V, above 0.90 V. Although we have mentioned that the source of the 

problem could be the TMB-doped microcrystalline p-layer (sec. 4), an unoptimized H2- 

plasma treatment may also cause the problem. 

We have begun to study the H2 plasma treatments in greater detail, comparing their 

effects to the filament-treatments that we have developed earlier. In fact, Figure 58 

includes the evolution of the Si-€3 bond volume fiaction in the top 2OOA of an a-Si:H 
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Fig. 58 Si-H volume fraction versus time deduced from an RTSE analysis of data 
collected during filament-generated H2-treatment of an a-Si:H i-layer at 250OC. 
The surface roughness remained constant throughout this process. 
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i-layer during exposure to filament-generated atomic H at 25OOC. In this case, no 

significant increase in surface roughness is detected during the exposure, and -1000 s is 

required before the Si-H content reaches one-half its saturation value. (The saturation 

value is reached after 60 min.) We also note that infrared and SlMS measurements reveal 

that the additional incorporated H-content in at.% is -3-5 times lower than the Si-H bond 

volume fraction deduced from RTSE. In Fig. 59, the corresponding results for the i-layer 

H2-plasma treatment is shown. In this case, only -5 s is required before the Si-H volume 

fraction reaches one-half its saturation value. (Saturation is reached after 3 0  s in this case.) 

In contrast to the results obtained for the filament treatment, significant roughening occurs 

over time. The roughness increases from its initial value of 25A to 60A after the two 
minute exposure. The role of the roughening effect on the nucleation of the p-layer is 

unclear. In fUture work, we plan to compare the nucleation and growth of p-layers on i- 

layers exposed to H2 plasma and filament treatments. 

In an attempt to understand the nature of the H2 plasma-reduced roughening effect 

in Fig. 59 (bottom), we performed atomic force microscopy (AFM) on i-layers exposed to 

the H2 plasma. Figure 60 shows 1x1 pm2 tapping mode AFM images of a control i-layer 

(top) and an H2-plasma-treated i-layer (bottom). All such images reveal rms roughness 

values of 11& and no differences between the Hz-treated and control surfaces were 

detected within the resolution limit of the AFM (-100 A; controlled by the tip). This 

suggested that the H2 plasma-induced roughening of the a-Si:H i-layer surface occurs at 

very small lateral scales, most-likely at the atomic level. It is possible that such atomic 

scale roughness is the effect that leads to a high p-layer nucleation density; however fbture 

studies are needed to lend fbrther support to this idea. The observations of Fig. 60 are also 

important for the accurate analysis of the RTSE data to be discussed next. 
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Si-H volume fraction and surface roughness layer thickness versus 
time deduced from an RTSE analysis of data collected during H,-plasma 
treatment of an a-Si:H i-layer. The plasma conditions are the same as 
those used for i-layer treatments in the n-i-p solar cells of Table 10. 
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Figure 60 AFM images over a 1x1 pm2 area, obtained in tapping mode, for an i-layer 
used as a control (top) and an i-layer treated with an Hz-plasma. The two 
images reveal rms roughness values of 11A. 
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5.4 Real Time Spectroscopic Ellipsometry Characterization of Top Junction Formation 

for the n(a-Si:H)-i(a-Si:H)-p(pc-Si:H) Solar Cell 

In Sec. 4, we described the development of mixed-phase pc-Si/a-Sil,Cx:H p-type 

films using high H2 dilution in the PECVD growth process. These films were also 

incorporated into n-i-p solar cells. In Secs. 4 and 5.3, several capabilities for characterizing 

the p-layer process were developed. First, we applied ex situ SE to characterize the 

crystallinity of thick microcrystalline p-layers, using (i) an effective medium theory to 

estimate the crystalline Si content, and (ii) a critical point analysis of the El and E2 

transitions to estimate relative crystallite sizes. Second, we developed a very simple 

analysis to characterize the nucleation behavior for microcrystalline p-layer on i-layer 

deposition based on real time SE. In this simple analysis, we plot the void volume fiaction 

(f,) versus p-layer thickness (d) assuming a one-layer model for the i/p structure. The 

thickness at which f, drops through 0.5 is an approximate measure of the thickness at 

which p-layer nuclei (assumed to be crystallites) make contact. This critical thickness d, 

has been observed to correlate with V,. The apparent origin of this correlation is that 
when d, is very high (>lOOA), the film is expected to be incompletely coalesced after 

2004 the optimum p-layer thickness, and this can lead to the low V,. 

The simple RTSE analysis in which f, is determined as a hnction of d in the early 

nucleation stage of the microcrystalline p-layer is important because of the correlation with 

V,; however, the model lacks two critical features. First, we need to determine the final 

effective thickness of the p-layer, which in most cases is modeled using an interface 

roughness layer, a bulk coalesced layer, and a surface roughness layer on top. Earlier 

results in Sec. 4 have demonstrated the need for accurate thickness control for our wide- 

gap a-Si:H:C p-layers in order to optimize cell performance. Second, we also need to 

determine the optical properties of the p-layer in the actual device configuration, which 

will not necessarily be the same as those in the thick layers due to a thickness dependence 

of the grain size and the overall microstructure. A preview of these results was given in 

Sec. 4.3. 
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As a result, we have developed a detailed analysis of microcrystalline p-layer 

growth on the i-layer, including a H2-plasma pretreatment, which allows us to determine 

not only the layer thicknesses throughout the growth process, but also the optical 

properties of the p-layer in the device configuration. Figure 61 is a multi-part figure that 

summarizes the microstructural evolution not only during the H2 plasma pretreatment of 
the i-layer, but also during p-layer growth on the modified i-layer for an n-i-p solar cell. 

The i-layer of this cell was prepared at 200°C without H2-dilution at an rfpower density of 

70 mW/cm2 and a pressure of 0.18 Torr. The p-layer was prepared from a gas flow ratio 

of SS&:C€&:TMB:He:H2 of 0.6:0.4:0.2: 10:200, with an rfpower density of 700 mW/cm*, 

and a pressure of 0.90 Torr. A 133 s H2 plasma treatment was performed between the i- 

and p-layer preparation using conditions identical to that of p-layer growth, but in the 

absence of the Si&, C&, and TMJ3:He gases. As noted in the previous section, the H2 

plasma treatment serves to increase the nucleation density which in turn leads to an 

increase in V,. 

In Fig. 61(a), we show the evolution of the Si-H bond volume fraction versus time 

measured within the top -200-250 81 of the i-layer during H2 plasma exposure. The Si-H 

bond volume fraction is proportional to the increase in the number of Si-H bonds per unit 

volume and is a factor of-3-5 higher than the increase in the H content in at.%. Thus, the 

rapid increase in the Si-H volume fraction to 0.14 indicates an increase in the H-content in 

the near-surface by 3.5k.1 at.%. This hydrogenation effect is rapid and follows reaction 

limited kinetics with a rate constant of about 15 s. Figure 61(b) shows the surface 

roughness evolution on the i-layer during exposure to the H2 plasma. Before the plasma 

exposure, the roughness thickness is 28A. This roughness essentially arises from the 

modulations on the Cr film which is used as the back contact. There is little roughness 

increase (-5A) in the first 60 s when the atomic H from the plasma penetrates the i-layer 

and the hydrogenation effect saturates [see Fig. 61(a)]. However, the roughness builds up 

on a longer time scale and increases linearly with time, reaching a thickness of 5IA after 

133 s. The AFM results of Fig. 60 show that this roughness exists on a very small lateral 

scale. In fact, we suggest that the additional 2381 roughness induced by the H2 plasma 

treatment consists of a layer of atomic-scale surface-connected microvoids conformally 
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Figure 61 Microstructural evolution for an n-i-p solar cell deduced from real time SE 
data collected during (a-b) HZ plasma treatment of the i-layer and during (c- 
e) p-layer growth. The p-layer was prepared from gas flow ratios of 
SiHJ:CHJ:TMEkHe:H2 given by 0.6:0.4:0.2: 10:200, with an rf power 
density of 700 mW/cm2, and a pressure of 0.9 Torr. A 133 s Hz plasma 
treatment was performed between the i- and p-layer preparation using 
conditions identical to that of p-layer growth, but in the absence of the 
SiK:C€& and Th4E3:He gases. At the top, the time evolution of (a) the Si-H 
bond volume fraction measured within the top -200-25OA of the i-layer and 
(b) the surface roughness layer thickness are plotted, both obtained during 
HZ plasma exposure. In (c)-(e), the microstructural evolution of the p-layer 
is plotted including (c) the filling of the modulations in the i-layer surface 
roughness by p-layer material, (d) the evolution of the p-layer bulk 
thickness, and (e) the evolution of the p-layer surface roughness. 
Accounting for the material in all three layers of the p-layer structure (bulk, 
interface, and surface), yields a final effective thickness of 244A. 
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covering the 28A thick modulations of the i-layer surface. Two other effects besides H- 

modification (top -2OOA) and microvoid formation (top -2OA) are expected to occur 

during the H2 plasma treatment (based on our studies of filament-generated H-treatments). 

These two effects are more difficult to detect: (i) near-surface crystallization of the a-Si:H 

where the porosity is highest (top 10-20A) and (ii) etching (or thickness reduction) of the 

i-layer. Further studies of H2-plasma treatment of thinner i-layers will allow us to extract 

this information. 

In Figs. 61(c)-(e), we show the microstructural evolution of the p-layer including 

(c) the filling of the long range, 28A thick modulations in the i-layer surface by p-layer 

material (leaving the 23A thick microvoid layer buried at the interface as suggested by the 

AFM results of Fig. 60), (d) the evolution of the bulk p-layer thickness, and (e) the 

evolution of the surface roughness on the p-layer. This combination of results shows a 

short "induction time" of -10 s during which very little material forms. Then the p-layer 

begins to form as indicated by p-layer filling of the i-layer roughness and by the 

development of p-layer roughness which simulates nuclei. In the first 60 s, no bulk layer 

has formed and all that occurs during this period is roughness development and interface 

filling consistent with nucleation on a modulated surface. M e r  60 s, the first monolayers 

of the bulk film form. At this point the i-layer roughness is completely filled in and the 

surface roughness on the p-layer reaches its maximum. In the bulk film growth regime, the 

bulk p-layer increases linearly with thickness as the roughness first stabilizes, then 

decreases with time. The growth rate of the p-layer is found to be 1.02 us. The final bulk 

and surface roughness thicknesses for the p-layer are 215 and 31& respectively. Adding 

the p-layer components of the three layers (bulk, interface, and surface), we arrive at an 

effective thickness of 244& which is higher than the intended value of 2OOA. However, 

with this measurement we have calibrated the p-layer growth rate, and this provides a 

deposition time that will yield 200A in the next run. Thus, hrther optimization of this cell 

structure may yield device performance improvements. 

Figure 62 shows the results of the simplified analysis for the same p-layer growth 

as in Fig. 61. The simplified analysis neglects the roughness on the i-layer and treats the 

initial stage of growth in terms of a single layer model in which the nucleating film has a 
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Figure 62 The void volume fraction versus thickness for the same p-layer as in Fig. 61 
obtained in a simplified analysis of real time SE data collected during 
growth. The simplified analysis neglects the roughness on the i-layer and 
treats the initial stage of p-layer growth in terms of a single layer model in 
which the film has a variable void volume fraction. The thickness at which 
the void volume fraction drops below 0.5 is a measure of the p-layer nuclei 
contact thickness. 
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variable void volume fraction. The simplified analysis yields a p-layer thickness at which 

nuclei make contact of 78A whereas the more complete analysis yields 6381. This 

provides an estimate of the possible error in the simplified analysis used earlier. 

In addition to the microstructural changes that occur as shown in Figs. 61 and 62, 

we can also determine the optical properties associated with the H2-plasma treated i-layer 

and the bulk p-layer. In both cases, the optical properties are characteristic of the 

processing temperature of 200OC. First in Fig. 63, we show the optical gap shift in the top 

200-25OA of the i-layer that is induced by the 133 s H2-plasma exposure. Corrections are 

made for both the microvoid and modulated roughness layers on the surface. Here, the 

optical gap is obtained by the Cody method of c21n extrapolation. The high energy data for 

the gap measurement are the most reliable since the low energy photons penetrate into the 

unmodified region (deeper than 250A); thus, the curves tend to converge at low energy. 

From these data, we estimate an optical gap shift of 0.08*0.02 eV in the top of the i-layer 

whereby the &2ln gap at 2OOOC increases from about 1.60 to 1.68 eV. This corresponds to 

an increase in the Tauc gap at 25OC from 1.78 to 1.86 eV. Such an effect is important in 

modeling the performance of the resulting solar cells. Second, in Fig. 64, we show the 

200°C dielectric fhction and optical gap determination for the p-layer. Although the 

dielectric fbnction shows no features of a c-Si structure (normally evident as a peak or 

shoulder near 3.3 eV), one observation suggests a difference between this material and 

conventional a-Sil,C,:H:B. An ~2~~ plot yields a gap of 2.04 eV, which is much higher 

than the 1.72 eV value observed for a similarly-prepared a-Si&,:H:B material (the 

primary difference being that the H2-dilution ratio is R=200). Thus, it is possible that this 

material is composed of very small nanocrystallites in an a-Sil,C,:H matrix. The wider gap 

may be due in part to quantum size effects, and the extrapolated room temperature gap of 

-2.1 eV would be consistent with red luminescence seen in Si nanocrystals. 

In spite of the apparent desirable properties of the top junction, namely a H- 

modified near-surface i-layer with a room temperature E * ~ ~  gap of 1.86 eV and a top 

microcrystalline p-layer with a room temperature absorption onset of 2.1 eV, it is 

surprising that the V, of the cell is as low as it is (0.85 ev). There are several possible 

reasons for this, which will be explored in fbture studies. First, it is possible that, in 
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Figure 63 Optical gap shift within the top 200-250A of the i-layer induced by the 133 s 
H2-plasma exposure of Fig. 61. Here, the optical gaps are obtained at 200°C 
from real time SE data by extrapolation of Q'*. The RTSE data were 
collected before and after H2 plasma exposure. The high energy ~2 data for 
the gap measurement are most reliable since the low energy photons 
penetrate into the unmodified region. For this reason, the two curves 
converge at low energy. 
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Figure 64 Dielectric fbnction at 200°C and optical gap determination for the p-layer of 
Fig. 61. As usual, the optical gap is obtained by extrapolation of &2lR. 
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addition to widening the i-layer gap in the top 200-250& the H2 plasma treatment 

damages the near-surface of the i-layer. Second, the final effective thickness of the p-layer 

for this n-i-p cell is higher than expected (-250 vs. 200 A). Third, although the p-layer gap 

is quite high, the p-layer properties may not be optimum. For example, the crystallites may 

be isolated in a defective, lower conductivity a-Si&,:H phase as indicated in Sec. 4. In 

the future, we plan to optimize (i) the H-treatment for nucleation enhancement of the p- 

layer while minimizing damage, (ii) the p-layer thickness, and (iii) the p-layer properties. In 

the course of the latter studies, we expect to shift fiom the TMB dopant gas source to 

BF3. 

The structural evolution for the microcrystalline p- and nzlayers shown in Figs. 55 

and 61, respectively, is quite complex. As a result, it is important to compare the final 

roughness values obtained fiom the SE analyses with the corresponding results from AFM 

image analyses. As an example of the AFM data obtained in this study, Fig. 65 shows an 

image over a 1x1 pm2 area for the n-type microcrystalline Si surface of the p-i-n cell 

discussed in the last section. The in-plane and out-of plane scales are the same as those in 

Fig. 60, allowing easy comparison of the surface roughness on the i- and n-layers. We find 

that the n-type microcrystalline layer is considerably rougher than the i-layer; the rms 

values for these surfaces are 29 8, and 11 A respectively. Figure 66 shows a correlation 

between the roughness layer thickness deduced by real time SE and the rms roughness 

fiom AFM. Films of a-Sil,C,:H are designated by the circles and exhibit a linear 

correlation given by ds(SE) = 1 .5dmS(AFM) + (4 A). Results for the two microcrystalline 

doped layers, studied in the previous two sections, are depicted as the squares. These 

results obey a trend with a similar slope to that of the amorphous layers, but with an SE- 

deduced roughness thickness that is -5-10 8, greater. The origin of this offset is unclear; 

however, we can conclude that the SE results for roughness on the microcrystalline layers, 

as obtained in Figs. 55 and 61, are in error by no more than 10 8,. This conclusion gives us 
greater confidence in the validity of the overall model developed in Secs. 5.2 and 5.4. 
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Figure 65 AFM image over a 1x1 pm’ area for the n-type microcrystalline Si surface 
at the top of the p-i-n cell of Figs. 55 and 56. The in-plane and out-of plane 
scales are the same as those in Fig. 60, allowing easy comparison of the 
surface roughness on the i- and n-layers. We find that the n-type 
microcrystalline layer exhibits an rms roughness value of 29A. 
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Figure 66 Correlation between the roughness layer thickness deduced by real time SE 
and the rms roughness from AFM. Films of a-Sil,C,:H are designated by 
the circles and exhibit a linear correlation given by d,(SE) = l.5dmS(AFh4) 
+ (4 A). Results for the two microcrystalline doped layers of Figs. 55 and 61 
are depicted as the squares. These latter results obey a trend with a similar 
slope to that of the amorphous layers. 
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5.5 Role of Top Interfaces in Limiting V, 

As reported in Sec. 3, the possible contributions of the ph interface regions, the 

built-in potential, Va;, and the bulk i-layer on the open circuit voltage, V,, of p-i-n solar 
cell structures were identified. The V, vs. light intensity characteristics can be used to 

identi6 these contributions. A comparison between a “high V,” USSC n-i-p solar cell and 

a (PSU n-i)/(USSC pATO) cell is shown in Fig. 67, where the V,’s are plotted as a 

hnction of white light illumination as well as blue and red light. It is interesting to note 

that there is complete superimposition of results obtained with blue, red, and white light. 

The light intensity range under investigation spans from to about 50 times AMI. The 

V,’s for the USSC and PSU cells at AM1 are 1.04V and 0.96V, respectively, while the 

V,’s at -5OAM1 are 1.13V and 1.07V, respectively. As indicated in Sec. 6, A M P S  

simulation results show that for light intensities less than -0.lAM1, the factors limiting the 

V, are mainly due to the bulk contribution, which in high quality materials is very 

sensitive to the mobility gap, Above -0.1AM1, the dominant factors limiting the V, 

performance are due to the defective p/i interface regions. Although the contributions due 

to the v b i  depend on its values, such effects are expected to be felt beyond AM1. With 

those results in mind, the V, vs. light intensity characteristics in Fig. 67 show that the 

USSC cell has a bulk i-layer with a significantly wider mobility gap than that of PSU cell. 

However, because of the differences in the slope of the curves below -AM1 where it is 

smaller for the USSC cell, the relative contributions from the p/i interface regions in 

limiting V, cannot be clearly seen. At this point, the curving-over observed for V, above 

AM1 for both cells cannot be identified in terms of the limitations that are imposed on V, 

by either the p/i interface or Vbi. More detailed analysis is being carried out on different 

cells to improve the ability to quantify such contributions. 
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Figure 67 The dependence of the open circuit voltage, V,, on light intensity for a USSC 
n-i-p cell and a PSU n-i/ USSC p/ITO cell. The light intensity range spans 
from to -50 times AM1. 
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5.6 Compositional Grading at the p-i Interface in p-i-n Cells 

In Phase I, we described the performance parameters of our first solar cell 

prepared with an undoped wide-bandgap graded layer at the i-layer side of the p/i 
intefiace. Such “buffer” layers are deposited by continuously changing the SiI& and CI& 
flows to provide a step in the optical gap at the p/i interface followed by a gradual 

decrease into the z-layer (see, for example, Figure 68). For our current control cells, the p-  

and i-layers are prepared at 200°C with a [CHJ]/[Si&] (2) gas flow ratio of Z=2/3, 

leading to p-  and i-layer gaps given by Ezooo=1.89 and 1.94 eV, respectively. We found 

that an intended 200 8, graded layer, with Z decreasing from 3/2 to 2 8  as shown in Figure 

68, incorporated between thep-layer and a 2000 8, thick a-Sil,C,:H wide bandgap i-layer 

of the solar cell, increased the observed initial V, on specular SnO2 fiom 0.93 to 0.96 V. 
A small drop in fill-factor led to equal overall performance compared with a control cell 

also on specular SnOa, but without the graded layer. A significant increase in cell 

pefiormance which we do not understand at present was obsemed for the corresponding 

co-deposited cell on specular ZnO. These results are repeated in the first and second 

sections of Table 16. 

We have extended this work to larger thicknesses and even wider gap graded 

layers in order to obtain a reasonable data base from which one can model the cell 

performance characteristics. Although the cell performance will deteriorate in the limit of 

very thick or very widegap interface layers, the parameter variation by which this occurs 

will provide insights into whether our cell modeling is simulating reality. We prefer to do 

this for thicker, macroscopic layers in which the trends are not subtle nuances, but 

significant variations (even if they are detrimental). 

The results obtained so far are tabulated in Table 16, and the variations in cell 

parameters with interface layer thickness and optical gap gradient are included in Figs. 69 

and 70. In our studies thus far, we have compared cells with intended 200 8, and 400 8, 

intedace layers, and with flow ratio variations of Z=3/2+2/3 and 2=4/1+2/3. Cells on 

specular SnO2 and ZnO were co-deposited, and thus provide important information on the 

effect of the top TCO/p contact. Figure 69 shows that an -30 meV increase in V, with 
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Table 16 

PREPARATION 
Z = 0.67, R = 5 

Performance parameters of a-Sil,C,:H p-i-n solar cells with 2000 8, i- 

layers, prepared using different undoped, widegap-graded layers adjacent 

to the p/i interface. The variable parameters include the initial value of 
Z=[CHd[S&] adjacent to theph interface -- the final value is fixed at 0.67 

-- and the intended thickness of the graded layer. Also given are the 

parameters of a control cell prepared under the same conditions but 

without any graded layer. Cells were prepared on specular SnO2 and ZnO 

coated glass substrates. 

SUBSTRATE V,(V) J, (mA/cm2) FF Eff.(%) 
specular Sn02 0.93 5.6 0.62 3.2 
specular ZnO 0.89 6.7 0.52 3.1 

intended 200 8, specular SnO2 
Z = 1.5 to 0.67 

specular ZnO 

0.96 5.7 0.60 3.2 

0.92 7.4 0.56 3.8 

intended 400 A specular Sn02 
2 = 1.5 to 0.67 

specular ZnO 

0.95 5.5 0.51 2.7 

0.92 6.8 0.50 1 3.1 

intended 200 A 
2 = 4.0 to 0.67 
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specular SnO2 0.94 5.5 0.42 2.1 

specular ZnO 0.92 5.5 0.28 1.4 

’ intended 400 A specuiar Sn02 0.95 5.1 0.22 1.1 
2 = 4.0 to 0.67 

specular ZnO 0.94 1.1 0.20 0.2 
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Figure 68 The ramp in the [Cl%]/[Sil%] gas flow ratio as a hnction of time used to 
generate the intended 200A undoped, graded layer adjacent to the ph 
interface for the a-Sil,Cs cell of the second entry of Table 16. 
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Figure69 Variation in cell parameters as a hnction of the intended interface layer 
thickness for a-Sil,C,:H solar cells prepared on specular (a) SnOz and (b) 
ZnO. For both intended thicknesses of 200 and 400 the optical gap 
discontinuity relative to the player starts at -0.10 eV next to the p/i interface 
and drops throughout the graded layer to -0.05 eV, the value at the i-layer. 
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Figure 70 Variation in the a-Sil,C,:H solar cell parameters as a function of the opticaI 
gap gradient over the graded p/i interface layer for cells prepared on specular 
(a) SnOz and (b) ZnO. When the band gap gradient is non-zero, the intended 
thickness of the interface layer is fixed at 200 A. 
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the addition of an intended 200 A interface layer is common to both TCO substrates, and 

this is one feature that should be sought out in any simulation of the data. As the interface 

layer thickness is increased, however, there appears to be no significant degradation in V,. 

The variation in fill-factor is interesting in that it depends on the TCO. There is a steady 

degradation from 0.62 to 0.51 for the SnOz as the graded layer thickness is increased to 

400 & however, for ZnO there is a well-defined maximum of 0.56 for a layer thickness of 

200 A. Because of the rather coarse grid used in these experiments, it may be possible to 

optimize the fill factor with mode detailed studies. 

Figure 70 shows the variation in cell parameters with the optical gap gradient 

throughout the intended 200 A graded layer. For AE, = 0, there is a doping-induced step 

in the optical gap of 40.05 eV from thep- to the i-layer, even without the interface layer. 

Thus for the graded interface layers, the optical gap steps at the interface are -0.10 and 

0.15 eV for cells prepared with flow ratio variations of Z=3/2+2/3 and 4/1+2/3, 

respectively.' The changes in the gaps over the intended 200 8, graded layers are thus 0 eV, 

-0.05 eV and -0.10 eV (see results below) for the control cell and for the cells prepared 

with flow ratio variations of Z=3/2+2/3 and 4/1+2/3, respectively. Figure 70 reveals first 

a gradual and then very rapid decrease in fill-factor with increasing optical gap gradient for 

the SnOz TCO. The interesting result here is for the cells on ZnO in which the fill-factor 

first increases for small gap gradients and then decreases. V, also shows an increase for a 

small optical gap gradient, but degrades for larger gradients only for the SnOZ TCO. 

In order to understand these trends, we need accurate inputs to the solar cell 

modeling. This includes depth profiles from the p/z interface of (i) the conduction and 

valence band edges (relative to the p- and z-layer edges), (ii) the spectrum in the 

absorption coefficient, and (iii) the defect state density that controls the recombination. 

We have been actively pursuing (i) and (ii) using RTSE. In fact for all the cells in Table 16 

and Figs. 69 and 70, RTSE was performed throughout the cell preparation. The 

conventional method of ellipsometric data modeling for a continuously graded layer 

involves splitting the layer into several -20 8, slices and using optical multilayer analysis. 

Instead, we have developed a new procedure based on RTSE in which we track only the 

near surface structure and optical properties, combining the past history of deposition into 
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a "pseudo-substrate" characterized by a pseudo-dielectric fbnction that simulates the 

underlying multilayer structure. With this approach, we can determine: (i) the dielectric 

hndion of the top -20 A of the bulk film (which is a continuous fhction of time during 

graded layer preparation), (ii) the surface roughness layer thickness on top of the bulk 

film, and (iii) the instantaneous deposition rate. By integrating the instantaneous 

deposition rate over time during graded layer formation, a depth profile in the fbll 

dielectric fbnction can be determined. The mathematical procedure is described in detail in 

our published work. 

The depth profile in the dielectric function E=EI+~E~ is not particularly useful in 

itself. However, by extrapolating the linear behavior in ( ~ 2 ) ' ~  vs. photon energy to zero in 

the region of the absorption onset, a measure of the optical gap (Le., via the Cody 

method) can be obtained. This method is preferred over the Tauc method since the 

linearity in ( ~ 2 ) ' ~  extends over a wider range of ~ 2 .  With the Tauc method, (&2E2)ln shows 

significant upward curvature with photon energy E. As a result the Tauc gap derived from 

spectroscopic ellipsometry (SE) data at high ~2 is significantly larger than that derived 

from T&R data collected at low ~ 2 .  The Cody method does not suffer from this problem, 

giving optical gap values from T&R and SE that are similar. However, the optical gap by 

the ( ~ 2 ) ' ~  method is typically -0.08-0.10 eV lower than the Tauc gap from T&R 

measurements. The final conclusion of these considerations is that one can extract a depth 

profile in the optical gap fiom the depth profile in E. This gap is extracted using the (Q)" 

(or Cody method) and is characteristic of the deposition temperature, which for the cells 

of Table 16 and Figures 69 and 70, is 200OC. Because of the red-shift of the gap with 

increasing temperature, as well as the difference between the Tauc and Cody methods, the 

measured gap profile in the solar cells is displaced to the red from the room-temperature 

Tauc (T&R) gap by -0.18 eV. 

Another approach will be described to determine the optical gap profile. This 

alternative is more definitive and yields a higher precision gap profile since it avoids the 

linear gap extrapolation for each (w, A) spectrum collected during graded layer formation. 

The alternative approach first involved preparing a selected set of three a-Sil,G:H 
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samples versus Z=[C&]/[Si&] and characterizing them by real time SE. All other 

deposition parameters were fixed at the values used to deposit the graded layers. The 

substrate temperature was 2OO0C, the H2-dilution ratio R was given by 

R=[H2]/([SW]+[C€L])=5, with separate {[Si€b]+[C€b]) and @&I flows of 5 and 25, 
respectively. These flow conditions lead to a HZ partial pressure of -0.18 Torr and a total 

gas pressure of 0.21 Torr. These in fact are the fixed conditions used to prepare the 

graded layers (2 being the only variable). The resulting three samples represent discrete 

states through which the graded layer passes. 

In addition to real time SE characterization, ex situ x-ray photoelectron 

spectroscopy and transmission & reflection spectroscopy was used to determine the C- 

content x for these three samples, yielding x=0.05 for Z=0.67, x=O.lO for Z=1.5, and 

~ 0 . 2 2  for 24.  From real time SE, the dielectric fbnctions at 200°C for these films are 

also determined as shown in Fig. 71. Figure 72 shows three measures of the room 

temperature optical gaps, E2000, the Tauc gap, and the gap by ~ 2 ' ~  extrapolation, all 

deduced from the T&R measurements, in this case plotted versus x. The solid lines in Fig. 

72 are second order polynomial fits (coefficients in order of increasing order are given in 

the Figure). With these relationships between the C-content and the gaps, all we need now 

is a way to extract the C-content from the dielectric function, and we will be able to use 

the depth profile in the dielectric fbnction to extract the depth profiles in the C-content and 

optical gap. 

In order to extract the C-content from the dielectric function using a least-squares 

regression analysis method, we must develop a method to generate the dielectric fbnction 

of the a-Sil,C,:H material that makes up the graded layer for any value of x, even those 

values for which discrete samples are not available. In order to do this, we first fit the 

dielectric functions of the three samples, as well as a fourth for which x=O and Z=O, using 

the general formula provided by Forouhi and Bloomer (F-B) [Phys. Rev. B 34, 7018 

(1986)l. Although the physical meaning of the F-B formulas have been questioned 

recently, here we use the formulas only as a convenient mathematical parameterization 

scheme. The resulting fits provide a set of five photon energy-independent parameters 

related to the electronic structure of the material. The fits using this formula are given as 
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Figure 71 Dielectric hnctions at 200°C for a-Sil,C,:H alloys with different vaIues of x, 
deduced in an analysis of real time spectroellipsometry data collected during 
the preparation of a series of 700-1 lOOA thick alloy films in a multilayer stack 
on the same c-Si substrate. The solid lines are calculated from the best-fit 
photon energy-independent parameters plotted in Fig. 73. 
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Figure72 Three measures of the room temperature optical gap for a-Sit,C,:H films 
plotted as a function of x, all deduced from Transmission & Reflection 
measurements. These measures include (i) E2000, an empirical measure of the 
gap, defined as the photon energy at which the absorption coefficient is 
ZOOOcm-', (ii) the Tauc gap, obtained by extrapolation of (anE)'R vs. E to zero 
ordinate, and (iii) the gap obtained by extrapolation of &2lR vs. E. The solid 
lines are second-order polynomial fits to the data values. The polynomial 
coefficients are given in order of increasing order at the bottom. 
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the solid lines through the data points in Fig. 71. The best fit values of the five parameters 

are plotted for the four samples versus x in Fig. 73. The solid lines in Fig. 73 are second 

order polynomial fits to the five parameters versus x. The 15 coefficients of these 

polynomials completely speciQ the dielectric fbnction of a-Sil,C,:H for 01x<0.25. For 

example, to generate the dielectric fbnction for a-Sio.&0.15:H, one simply evaluates the 

polynomials that describe each of the five F-B parameters at x=O.15, and this provides 

values for the parameters that can be plugged into the F-B formulas. The advantage of this 

approach is that it provides a smooth interpolation method for dielectric fbnction 

generation. 

Having established a relationship between the C-content and the dielectric fbnction 

through the F-B parameterization, we can incorporate this approach into a least-squares 

regression analysis of real time SE data. With this enhancement, the best fit C-content in 

the near-surface (top 20 A) of the graded layer, along with the surface roughness layer 

thickness and the instantaneous deposition rate can be determined as a hnction of time. 

Figure 74 shows the final results obtained from an analysis of the data for the intended 200 

A thick graded layer of the solar cell listed in the second entry in Table 16. In this cell, the 

V, was highest in the initial state among a11 of our wide-gap cells prepared to this point. 

The results of Fig. 74 show a gradual decrease in the C-content by Ax-0.05 over the 325 s 

time period during which Z is decreased from 1.5 to 0.67 (see Figxe 71). The surface 

roughness layer remains constant throughout the process at -1 1 SA1.5 & in consistency 

with measurements of separate layers. The instantaneous deposition rate shows a weak 

maximum -150-200 s into the gradient at which point Z=l. By integrating the 

instantaneous deposition rate in Fig. 74, we can derive the depth profile in the C-content 

as shown in Fig. 75. In this figure, zero thickness corresponds to the p/i interface. The 

result is interesting in that the intended graded layer thickness was 200 A; however, the 

actual thickness is significantly larger, -370 A. This information along the room 

temperature optical gap profiles given in Figure 76 deduced from the relationship in Fig. 

72, provide important inputs for solar cell modeling. 
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73 Photon energy-independent parameters in the formulas developed by Forouhi 
and Bloomer, plotted as a function of alloy composition x (points) for 
a-Sil,C,:H. These values were obtained from the fits shown in Fig. 71. The 
solid lines are second-order polynomial fits to the data values that allow one to 
calculate the dielectric function of a-Si&,:H for any value of x. The 
polynomial coefficients are provided in order of increasing order for each 
parameters. 
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Time evolution of the alloy composition (x), the deposition rate, and the 
surface roughness layer thickness deduced from real time spectroeliipsometry 
data collected during the preparation of a compositionally-graded a-Sil,C,:H 
layer. To obtain the composition gradient, the gas flow ratio Z was varied as 
shown in Fig. 68. The solid lines in the top and center panels were calculated 
assuming a fixed surface roughness layer of 11.5 A (horizontal line in lower - 
panel). 
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Figure 75 Alloy composition, plotted as a function of distance from the interface to the p- 
layer (formed at t=8.3 min in Fig. 74) for the compositionally-graded 
a-Si&,:H whose preparation and analysis has been described in Figs. 68 and 
74. The solid line is a prediction based on the assumption that the alloy 
composition in the film instantaneously responds to the flow ratio in 
accordance with the relationship of Fig. 68, assuming the deposition rate 
variation in Fig. 74 (with variable roughness). 
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Figure 76 Three measures of the optical gap at room temperature, plotted as a hnction 
of distance from the interface to the p-layer (formed at t=8.3 min in Fig. 74) 
for the compositionally-graded a-Sil,C,:H whose preparation and analysis has 
been described in Figs. 68 and 74. 

162 



There are several fbture refinements that need to be made in order to filly develop 

property profiles in solar cell modeling. First, we must be able to extract from the optical 

gap gradient the gradients in the valence and conduction band offsets relative to the i-layer 

band edges. This will require accurate information from photoemission measurements 

which may not be currently available. Second, we must be able to extract the depth profile 

in the room temperature absorption spectrum from the depth profile of the optical gap. 

This capability has actually been developed recently in our research. Third, we need to 

input defect density profiles for the graded layer. These must be obtained using sub- 

bandgap absorption measurements of individual films, extracting the density of defect 

states, which are then correlated with the value of 2 and the optical gap. From such a 

correlation, the gradient in the optical gap can be used to predict the gradients in the 

defect densities of states. With these refinements, one will have sufficient information to 

determine whether the existing solar cell models contain the essential physics needed to 

understand the impact ofph interface buffer and graded layers. 

6. Device Modeling 

6.1 Schottky Barrier A a r  Cell Structures 

In Phase I1 a new approach to device modeling using A M P S  was taken. This 

approach is less ambitious than originally proposed due to the absence of reliable input 

parameters which has limited the ability of AMPS to make reliable, quantitative 

predictions about the directions for improving the performance and stability of solar cells. 

This is particularly true for the p/i interface regions which are generally included in such 

modeling, but whose parameters have not yet been established in any detailed studies. In 

this new approach the modeling of solar cell structures is carried out first to establish 

material parameters that are self-consistent with those derived in detailed studies on 
intrinsic material thin films. This is currently being done with the Schottky barrier solar cell 

structures, which do not have the uncertainties introduced by the p/i interface regions. The 
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work carried out in the EPRI program has shown that self-consistent analysis can only be 

achieved by including charged defects and that useful “operational” parameters can be 

obtained using a three-Gaussian distribution. The analysis being carried out in Phase I1 

relies heavily on the work being done in that program. Both the dark I-V’s and QE’s in 

these Schottky barrier structures are very sensitive to the bulk, and in particular to its light 

induced changes. Thus, they are very usefbl in the “fine-tuning” of the thin film material 

parameters for the self-consistent modeling of p-i-n cells with AMPS. 

Modeling with AMPS is currently being utilized to obtain insights into the 

degradation of cells fabricated with undiluted materials. Examples of such analyses are 

illustrated in Figs. 77 and 78 where the dark I-V’s and QE’s are shown in the annealed 

state and after degradation for 20 hours with AM1 illumination through the TCO. The 

symbols are experimental results and the solid lines are fits obtained with a three-Gaussian 

defect distribution such as that used in the analysis of the thin film materials results. In this 

case the densities of charged defects increase from 5xlO”/cm‘ to 7~10’~/cm’ and the 

neutral dangling bond defects from 5~10’~/cm’ to 1xlO”/cm3. It is important to note here 

that the three orders of magnitude change in the dark I-V of Fig. 77, which is more than 

one hundred times larger than that seen for the p-i-n’s, can still be fitted with these 

distributions of gap states. In addition, similar changes in dark I-V and QE characteristics 

of Schottky barrier solar cell structures are observed after light soaking even with -0.4pm 

thick structures. 

Modeling with A M P S  is also being utilized to obtain insights into the degradation 

of cells fabricated with diluted materials. Examples of such analysis are illustrated in Figs. 

79, 80 and 81 where the dark I-V’s and QE’s are shown in the annealed state, after 30 

seconds fast degradation, and in the stabilized degraded state obtained with AM1 

illumination through the TCO. The Schottky barrier cell for these studies is 0.5pm thick 

with a 200°C diluted a-Si:H i-layer material. In Fig 79, the symbols denote the 

experimental results and the sdid lines denote fits obtained with a three-Gaussian defect 

distribution such as that used in the analysis of the thin film materials results. The large 

sensitivity of the far forward I-V’s in Schottky barrier solar cell structures to the light 

induced changes can be clearly seen in Fig 79 by the 3-4 orders of magnitude decrease in 
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Figure 77 Dark I-V’s of a l p m  thick n-i Schottky barrier structure in the annealed and 
degraded states. 
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Figure78 QE’s of a lpm thick n-i Schottky barrier structure in the annealed and 
degraded states. 
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Figure 79 Forward I-V characteristics for a 0.5pm thick Schottky barrier solar cell 
structure in the annealed state, after 30 seconds of AMI illumination, and in 
the stabilized degraded state. The symbols are the experimental results. The 
solid lines are best fits using the same material parameters as in S A M .  
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Figure 80 Quantum efficiency characteristics for a 0.5pm thick Schottky barrier solar cell 
structure in the annealed state, after 30 seconds of Ah41 illumination, and in 
the stabilized degraded state. The symbols are the experimental results. 
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Figure 81 Simulation results of the quantum efficiency characteristics for a 0.5pm thick 
Schottky barrier solar cell structure in the annealed state, after 30 seconds of 
AMI illumination, and in the stabilized degraded state. 
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current density from the annealed state to the stabilized degraded state. The far forward I- 

V's in this structure drop by about one order of magnitude after only 30 seconds of AM1 

illumination, a change which is similar to that found in the photoconductivities and 

electron mobility lifetime products in the corresponding i-layers. The fits shown in Fig. 79 

as the solid lines are obtained for the annealed and stabilized degraded states using A M P S  
with virtually identical defect state parameters as those used to fit the thin film materials 

results. The densities of the defect states are D'=8x1015 ~ m - ~ ,  D0=7x1015 ~ m - ~ ,  and D- 
=8x1Ol5 ~ r n - ~  in the annealed state; D"=1.2x10i6 ~ m - ~ ,  D'=7~10'~ cm3, and D-=1.2~10'~ 

after 30 seconds of AM1 illumination; and D'=9x10'6 cm", Do=2xlO" cm-', and D- 

=9x101' cm-3 in the stabilized degraded state. The 30 second degradation is consistent with 

the small changes in densities of D', D- and no change in Do as indicated by the subgap 

absorption results. 

A simulation of the degradation in the quantum efficiency for this Schottky barrier 

structure was also carried out and the results are shown in Fig. 80. In contrast to the large 

changes in the far forward I-V's, after 30 seconds of AM1 illumination, the quantum 

efficiencies between the wavelengths of 400nm to 550 nm degraded only very slightly with 

virtually no change at longer wavelengths. In the stabilized degraded state, both the blue 

and red responses decreased significantly. These results are consistent with the changes 

observed in the subgap absorption and the gap state parameters derived from the material 

analysis and from forward I-V modeling. In the latter cases, there is a rapid increase in the 

densities of D' and D- states but virtually no change in Do states in the initial stages of 

light-induced degradation. The modeling results of the quantum efficiencies are shown in 

Fig. 81 using A M P S  with the same material parameters as those used in forward I-V 

modeling. As can be seen, these results agree well with the experimental data. The 

important role of charged defects is clearly evident in the analysis of the kinetics of light 

induced changes. These changes cannot be explained by considering only increases in Do 

as measured by CPM, as is often postulated. Self-consistent analysis of the light-induced 

degradation in films is obtained however by using a three gaussian distribution of D', Do, 

and D' states. Using these derived parameters for the charged and neutral gap states in 



AMPS, it is possible to establish direct correlations between the degradation kinetics in 

Schottky barrier structures and corresponding thin films. 

Even though the amphoteric nature of silicon dangling bonds is not directly 

included in the analysis discussed here, the charged defect states are taken into account by 

having three rather than the two gaussian distribution of states . By self-consistently fitting 

a wide range of results on both material and Schottky barrier structures, "operational" 

material parameters could be obtained which are useful in establishing more reliable and 

quantitative correlations between p-i-n and n-i-p solar cell performance and their bulk 

materials. 

- 

6.2 p-i-n and n-i-p Cell Performance Limitations 

In parallel, AMPS is being used for devices whose materials have not yet been 

fuHy characterized or "fine-tuned". This research is carried out in an attempt to identifj the 

potential contributions of the various mechanisms limiting the performance of different cell 

structures. An example of this is the study of the factors limiting V, as discussed in Sec. 

3. The contributions of these mechanisms will be quantified after reliable material 

parameters are established. Similar analysis will be carried out on the customized cells 

once more information is available about the material parameters for the diluted and 

undiluted i-layers. 

The simulations obtained using AMPS shown in Fig. 82 include the dependence of 

V, on the intensity of illumination in cells having the same VI,; (1.3V), densities of states 

@'= 8x1Ol5, Do= 6x1Ol5, and D-= 8~10'~/crn'), but different mobility bandgaps of 1.84 

and 1.8 eV. In these simulations, no additional defects were introduced in the ph interface 

regions. It is cIearIy seen that for light intensities up to lOOAM1,  a higher bandgap in the 

bulk i-layer leads to a higher V, , where AV,=AE,. Above lOOAMl the shape of V, vs 

light intensity begins to bend over due to the possible limitations imposed by the 

exponential band tails and/or Vbi. According to the simulations, J, is proportional to the 

illumination intensity below 1OOAM1, which is also found experimentally, so that an 

exponential dependence of V, on the flux is expected when Vo,= nkT[exp(JJJ,)]. 
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In cases where there are no additional effects due to defects at the p/i interface , the value 

of n can be related to bulk recombination which depends on the densities and distribution 

of defect states in the bulk i-layer. 

As discussed in Sec. 3, p/i interface regions and vbi’s can also affect the open 

circuit voltages of p-i-n solar cell structures. This issue was addressed by carrying out 

additional simulations on the cell with the material having Ep=1.84 eV in order to assess 

the possible effects of vbi and ph interfaces. In one of the cases shown, Vb; was decreased 

from 1.30 to 1.15V and in the other a l O O A  thick defective p/i interface layer was 

introduced with defect densities of around 5x10”/cm3. These results are shown in Fig. 83, 

where as expected it can be seen that the defective p/i interface is very effective in 

decreasing V,. At light intensities starting from around O.IAMI, V, deviates from the 

simple exponential behavior so that at AM1 it drops from 1.03V to 0.96V. On the other 

hand, when Vbi decreases from 1.3OV to 1.15V, its effects begin to set in at a light 

intensity around AMI, where the drop of V, is about 20meV. Furthermore, in the light 

intensity regime from about AMI to 1OOAM1, the effects of the p/i interfaces also appear 
to be stronger limiting factors. At low light intensities below about O.lAM1, the effects of 

bulk i-layers seem to be the dominant factors in determining V, as in Fig. 82 with the 

effects of the ph interface regions and v b i  becoming insignificant. 

For comparison, the experimental results are shown as the symbols in Fig. 83 for 

the p(a-SiC:H)-i(a-Si:H)-n( jic-Si) and n(pc-Si)-i(a-Si:H)-p(pc-Si) cells discussed in Sec. 1. 

These initial simulation results appear to indicate that the difference in V,’s of these two 

cells is more likely to be due to differences in their ph interface regions rather than Vbi, but 

at this point this condition is based solely on qualitative analysis without any confirmation 

involving a wide range of material parameters. 
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