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ABSTRACT

Insights into the growth processes and evolution of microstructure in intrinsic hydrogenated
slicon (Si:H) films obtained from real-time spectroscopic elipsometry (RTSE) are extended to the
characterization of the optoelectronic properties of the corresponding solar cells. To assess the effects of
trangition regions from the amorphous to mixed microcrystalline phases, cell structures with and without
such regions at different depths in the i-layer from the p-contact have been investigated. Experimental
results are presented that clearly demonstrate changes in the mobility gap, E,, of the materias as their
microstructure evolves with thickness, further supporting the important effect of the hydrogen dilution
ratio R (R°[H_]/[SiH,]) on the transition between the amorphous and microcrystalline phases. Light JV
characteristics at room temperature and dark J-V characteristics at different temperatures were measured
on p(aSIC:H:B)-i(S:H)-n(nt-Si:H:P) solar cell structures with i-layers of different thicknesses and R
vaues. The mobility gaps of both the amorphous and microcrystalline intrinsc-layer materials as well as
those of the transition layers are obtained from dark JV,T) measurements. Using numerical simulation,
both the light and the dark J-V characteristics are self-consistently modeled assuming sharp changesin
the mobility gaps at the intrinsic layer transition thicknesses determined by RTSE.

INTRODUCTION

Over the past decade, the deposition of aSi:H i-layers from hydrogen diluted silane has been
established as a means of improving the performance and stability of aSi:H based p-i-n and n+i-p solar
cels[1,2]. Itisfound that both the materials and the solar cells prepared with H,-dilution of SH, exhibit
improved optoel ectronic properties and degradation kinetics distinctly different from their counterparts
prepared without H,-dilution. They exhibit less degradation under 1 sun illumination and reach a
degraded steady state in significantly shorter times[3]. The use of such cells as the wide bandgap
component of multi-junction devices imposes regquirements on their bandgaps and thicknesses brought
about by the required matching of the currents generated in the component cells. Therefore thereis great
interest in using hydrogen dilution to vary the gap of Si:H intrindc layers while at the same time
optimizing the stabilized performance by adjusting their thicknesses.

The recently established evolution of the microstructural and optical properties with thickness for
the “hydrogen diluted” materias [4], coupled with the strong effect that the substrate material imposes on
such properties for the overdeposited layers [5, 6] greatly complicates the optimization of stable aSi:H
based solar cells. The complexity is further exacerbated in cases of cell structures optimized using a two-
step i-layer process in which the p/i interface region has a higher hydrogen dilution ratio R
(R°[H,]/[SiH,4]) than that of the bulk i-layer [4, 19]. Furthermore, the inhomogeneity and anisotropic
nature of these evolving materials give rise to difficulties in correating thin film materia properties with
device characteristics due to the inherent differences between the transverse carrier transport in the cell
configuration and the in-plane transport in the standard coplanar configuration [7]. The rea-time in-situ
studies of Si:H film growth which established an evolutionary phase diagram [8], together with the
characterization and numerical modeling of the various cell structures described in this work, provides a
unique method of circumventing these problems and allows reliable correlations to be made between the
intrinsic materia properties and corresponding cell characteristics.



EXPERIMENTAL DETAILS

The specular SnO,/p-a-SIC:H:B/i-S:H/n-nt-Si:H:P/Cr solar cells were deposited in a multi-
chamber rf-PECVD system at 200°C under previoudy described conditions [9]. To minimize the
possibility of shunt currentsin the dark J-V characteristics at low forward bias, small device areas were
defined by evaporating 2 mm? Cr electrodes on the p-i-n structure and subsequently reactive ion etching
the exposed n-ne-Si:H to isolate the cells. The dark JV characteristics of the cells were measured over a
temperature range from 25-125°C. The evolution of the microstructure in the various Si:H layers was
characterized using a rotating compensator multichannel ellipsometer [10]. The cell characteristics were
modeled using AMPS (Anaysis of Microelectronic and Photonic Structures) smulation code [11]. The
gap state distribution used for the aSi:H materias includes charged defects and is similar to that used in
the analysis of resultsin the detailed studies of aSi:H films[12]. The amorphous-to-(mixed-phase-
microcrystalline) [a® (a+nt)] transitions were modeled as abrupt changes in the mobility gap, with the
band discontinuities split equally between the valence and conduction bands [13], and midgap defect
densities of 10" cm® for the ne-SizH [14].

RESULTS AND DISCUSSION

Effects on performance and stability of the thickness-dependent a® (a+nt) phase transitionsin
the i-layers of Si:H based solar cells have been previoudy reported [9]. Theinitia fill factors (FF) of
cells prepared with i-layers from 1100 A to 1 nm, a thickness range over which such transitions occur, are
shown in Fig. 1 for cells having CERE20 but otherwise identical deposition conditions. At a thickness of
1100 A, the initiad FF of dl cdls are virtually the same irrespective of R. For R=0, where no phase
transition occurs over the entire thickness range of the i-layer, the FF decreases as expected in a manner
closely matching that of the numerical smulation for a uniform homogeneous i-layer. However, for the
cells prepared with dilution, there are clearly discernible thickness-dependent deviations from the R=0
FFs that can be attributed to the phase transitions in the bulk layers as indicated by the phase diagram
developed for Si:H film deposition on amorphous film surfaces [8]. It isimportant to note here that the
phase trangition in the Si:H materiasis not abrupt, but passes through an amorphous + microcrystalline
(at+nt) mixed-phase region, in which the microcrystallites embedded in the amorphous matrix increase in
in-plane scale with increasing thickness at a rate that depends on R.

The mohility gap (E.) of the bulk i-layers and their transition regions plays a key role in transport
and collection of photogenerated carriers. In p-i-n cells whose characteristics are dominated by the bulk,
the dark current characteristics are very sensitive to the i-layer E,, Thisisillustirated in Fig. 2awith the
forward dark JV characteristics of p-i-n cdlls having 4000 A thick R=0 and R=10 i-layers (shown as
symbols). The J}V characteristics exhibit the classical exponential diode behavior with areverse
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saturation current density (J,) that can be obtained from the intercept of the linear region of this semilog
plot. The R=0 and R=10 materials have the same densities of midgap states (D,) and E,values of 1.80 eV
and 1.87 eV, respectively, as determined from internal photoemission measurements [15]. The sengitivity
of the J}V characteristics to E,, is reflected in the values of J,, which differ by approximately one order of
magnitude, and the excellent agreement with simulation results (shown as solid lines) obtained using the
corresponding values of E,. It isfound that reliable E.,values can be obtained from the dependence of J,
on temperature in p-i-n cells where the dark currents are dominated by recombination-generation (R-G) in
the bulk i-layer [16, 17, 18]. In this case, the dependence of J, on the i-layer mobility gap is:

0 e E.0

T AP 2kT 4 @
where A is atemperature-independent pre-factor and E,, is the i-layer mobility gap. The dependences of
J,/T® on temperature for the cells in Fig. 2a are shown in Fig. 2b, where the well-defined dopesyield
values of E, that are in excellent agreement with the values quoted above.

The correlaions among carrier recombination kinetics in the bulk i-layer, J,, and E,, established
for p-i-n cells with homogeneous i-layers have been extended to include the more complicated case of
cellswith evolving i-layers. This effort was carried out by studying a series of p-i-n cells each with a
total i-layer thickness of 4000 A. An R=40 layer was incorporated at the p/i interface of each cell, leading
to atwo-step i-layer with R=40 layer thicknesses ranging from 100 A to 400 A. The cells exhibit
optimum performance when the R=40 interface layer thickness is 200 A, whereas with increasing
thickness above this optimum both FF and V. decrease [19]. Insights into the electronic properties of the
transition material from amorphous to mixed-phase Si:H and then to single-phase nt-Si:H that giveriseto
deleterious effects on cell performance can be obtained from the dark J-V characteristics of the cells as
shown in Fig. 3a Theincrease in carrier R-G in the vicinity of the phase transition region can be directly
inferred from the systematic increase of the dark currents in the exponentia region as the R=40 Si:H layer
thickness increases from 100 to 400 A and traverses the phase boundary. The increase by two orders of
magnitude in the room temperature value of J, clearly indicates alarge increase in R-G currents that can
be attributed primarily to changes in the mobility gap. Thisis evident from Fig. 3b wherein plots of J,/T°
versus (2kT)™* are shown for the resultsin Fig. 3a. Because the value of 1.88 eV obtained from the cell
with the 200 A R=40 interface layer matches that for the bulk homogeneous i-layer (see Fig. 2b), any
decreases in activation energies from this value with increasing interface layer thickness can be used to
obtain the changes in the effective mobility gap that occur across the phase transition. The decreases to
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Figure 2. (a) Experimenta dark J'V characteristics (symbols) of R=0 and R=10 p-i-n cdlls having
4000 A thick i-layers and equivalent contact layers. AMPS simulation results are shown as solid
lines. (b) Thermal activation plots of J, /T for the cells shown in (8). The symbols are experimental
results and the solid lines are exponentia fits used to extract E,



i 101 o
E 10—3 10—15 L
(&)
$105 1016
2 e
% 107 < 10V @ 100/ 200A
= 10 ——100/2008 | " jou| 0 mor o
= r = 300A
§ 141 =— 300A Fit (Eq= 1.62 eV)
30 —a— 400A ] 10 | & 400A
1013 . . . . , 6% — Fit (Ea=122¢eV) . |
02 04 06 08 10 12 14 15 18 17 18 19 20
Voltage (V) U2KT

Figure 3. (a) Experimental dark JV characteristics of 4000A p-i-n cdlls having R=10 bulk i-layers and
different thickness R=40 pli interface layers. (b) Therma activation plots of J/T° for the cells shown in

(8. The symbols are experimental results and the solid lines are exponential fits used to extract E,

1.66 eV for the 300 A interface layer and to 1.22 eV for the 400 A layer indicate that over a thickness of
200 A there is a transition from the amorphous phase to a material having a mobility very close to that of
bulk microcrystaline Si:H. However, the fact that the value of J, increases by only two orders of
magnitude across the phase transition is a clear indication that the microcrystalline phase does not extend
throughout the i-layer but that the subsequent growth of the R=10 materia proceeds in the amorphous
phase as has been substantiated by RTSE studies [8].

To obtain additiond ingghts into the transitions as well astheir effect on cell characteristics,
studies were carried out on a cell in which a400 A R=40 p/i interface (Smilar to that described above)
was followed by an R=20 bulk i-layer region (referred to here as cell C). The characteristics of this cell
are compared with those of the optimized structure described above having a 200 A R=40 p/i interface
and an R=10 bulk region (referred to as cell A). The comparison aso includes a cell deposited with a
one-step R=20 i-layer (referred to as cell B). While cell A has ardatively homogeneous amorphous i-
layer, elipsometry studies show that the a® (a+nt) transition in the R=20 layer deposited on an
amorphous film occurs after an accumulated film thickness of approximately 1000 A. Similar studies
have also demonstrated that the growth of the same R=20 layer on an R=40 layer that has traversed the
phase boundary proceeds in the microcrystalline phase so that the i-layer is fully microcrystaline with the
exception of the initial 400 A. Infact, the first 200 A of the i-layer of cell C is amorphous whereas the
next 200 A is mixed-phase (a+t). The experimenta JV results at room temperature are shown in Figs.
4aand 4b under 1 sun illumination and in the dark, respectively, for cdls A, B, and C. It can beseenin
Fig. 4athat the FF and V. are the highest for cell A since the thickness and R valuesin the two step i-
layer are chosen so that protocrystalinity [i.e., Si:H deposition just on the amorphous side of the
a® (at+nt) phase boundary] is maintained. The cell performance becomes progressively worse for cells B
and C as the position of the phase boundary in the i-layer approaches the p-contact (indicated by the
direction of the arrows).

Thisdrop in cell performance is attributed to narrow gap material in the i-layer of cellsB and C
whose presence is reflected in the dark JV characteristics as shown in Fig. 4b. In p-i-n structures most of
the carrier recombination occurs in a narrow region, approximately halfway between the p- and n+
contacts at low forward bias. At higher forward bias, this region extends toward both contacts. Fig. 5
shows such a bias-dependence and spatial non-uniformity of the carrier recombination ratesin a p-i-n cell
with a homogeneous amorphous i-layer. Inflection pointsin the dark JV characteristics observed in Fig.
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Figure 4. Experimenta data (symbols) and smulations (solid lines) for the JV characteristics of
cels A, B, and C measured at room temperature (&) under 1 sun illumination and (b) in the dark.

Direction of the arrows indicate decreasing distance between the a® (at+nt) trandtion and p-contact.

4b can thus be explained by the large contribution of the narrow gap materia to the recombination
currents at low forward bias. The eventual merging of the currentsin cells B and C with that of cell A at
higher forward biasin Fig. 4b is due to a shift of the recombination from the bulk i-layer to the vicinity of
the contact layer regions that are similar for al three cells. The forward bias voltage at which the dark
current of cell C merges with that of cell A islarger than the corresponding bias for cell B. This behavior
occurs because the phase boundary in cell C is closer to the p-layer so that the carrier recombination in
the narrow gap material dominates over alarger voltage range. The simulation result shown in Fig. 4b
(solid ling) was carried out for cell C assuming a400 A wide gap Si:H layer with the remainder of the i-
layer (3600 A) as anarrow gap nc-Si:H materia having a mobility gap of 1.15 eV. The latter valueis
obtained experimentally from plot of J/T° vs. (2kT)™ for cell C. The use of an abrupt changein Ey, is
justified by the data shown in Fig. 3b aswell asby RTSE. Both results suggest that the transition from
the amorphous phase to a fully coalesced microcrystalline phase in the R=40 film occurs over athickness
of only afew hundred angstroms.

The large decreases of the FF in cells B and C are adirect consegquence of the phase transitions.
The higher photo-carrier densities generated in the nt-Si:H portion of the i-layer lead to a collapse of the
electric field in that region in order to maintain current continuity across the entirei-layer. Asa
consequence, most of the voltage drop then occurs across the amorphous region. The weaker average
field across the i-layer reaults in the anomalous inflection point in the light JV characteristics as seenin
Fig. 4a, with the effect becoming more pronounced as the phase transition approaches the p-contact.
Such characteristics could only be modeled for i-layers consisting of two distinctly different layers¥sa
widegap amorphous layer and a narrow gap microcrystalline one. Such an approach was also successful
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in smulating the results of earlier sudies of intrinsgc nt-Si:H growth on p-a-SIC:H [20]. The results of
the smulation for cell Cisshown asasolid line in Fig. 4a, where the less than perfect fit is probably due
to the necessary oversimplification of the highly anisotropic microcrystalline material when a one-
dimensona smulator such as AMPS is being used.

CONCLUSIONS

Correlating a-Si:H materia properties with cell characteristics has been an ongoing challenge.
The evolution of the growth of the Si:H films prepared with H,-dilution from an amorphous phase to the
highly anisotropic microcrystalline phase makes the task even more difficult. Hence cell optimization
requires a systematic approach such as that described here. In this unique approach, p-i-n cells were self -
consistently modeled assuming a change in the i-layer mobility gap at the thickness determined by RTSE,
whereby the values of the mobility gaps are obtained from measurements on the actua p-i-n structures.
As aresult, meaningful correlations can be made between the materials and solar cell characteristics since
the uncertainties associated with the initiad nucleation and subsequent growth of Si:H films on different
substrate materials are eliminated. Furthermore, the simulations corroborate the thickness position of the
phase boundary as determined by RTSE. The insights provided here into the transition from
protocrystaline Si:H to mixed-phase Si:H and then to single-phase nt-Si:H are of critical importance to
the engineering of call structures with high performance and improved stability.
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