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Both the origins of the high open circuit voltages �VOC� in amorphous silicon solar cells having p
layers prepared with very high hydrogen dilution and the physical structure of these optimum p
layers remain poorly understood topics, with several studies offering conflicting views. This work
attempts to overcome the limitations of previous studies by combining insights available from
electronic measurements, real time spectroscopic ellipsometry, atomic force microscopy, and both
high-resolution transmission electron microscopy �TEM� and dark field TEM of cross sections of
entire solar cells. It is found that solar cells fabricated with p layers having a low volume fraction
of nanocrystals embedded in a protocrystalline Si:H matrix possess lower recombination at the i / p
interface than standard cells and deliver a higher VOC. The growth of the p layers follows a thickness
evolution in which pure protocrystalline character is observed at the interface to the i layer.
However, a low density of nanocrystallites nucleates with increasing thickness. The advantages
offered by the protocrystalline character associated with the amorphous phase of the mixed-phase
�amorphous+nanocrystalline� p layers prepared with excess H2 dilution account for the improved
VOC of the optimum p layers. In this model, the appearance of a low volume fraction of nanocrystals
near the top transparent conductor interface is proposed to be incidental to the high VOC. © 2007
American Institute of Physics. �DOI: 10.1063/1.2714507�

INTRODUCTION

High efficiency hydrogenated amorphous silicon
�a-Si:H� n-i-p solar cells fabricated with rf plasma-
enhanced chemical vapor deposition �PECVD� utilize a
p-type doped Si:H layer deposited at low temperatures �T
�200 °C� using high hydrogen-to-silane flow ratios �R
��H2� / �SiH4�� to achieve high open circuit voltages
�VOC’s�.1–3 The mechanism responsible for the high VOC in
solar cells with such high hydrogen diluted p layers and the
physical structure of these optimum p layers remain poorly
understood, with several studies offering conflicting
views.2–6 There are three leading explanations of the micro-
structure that results in the performance enhancement ob-
served with high hydrogen dilution p layers: �i� microcrys-
talline silicon ��c-Si:H�, �ii� high density nanocrystalline
silicon �nc-Si:H�, and �iii� protocrystalline a-Si:H/low den-
sity nc-Si:H.

An early investigation by Guha et al. proposed that the
optimal top-contact p layers in n-i-p solar cells were fabri-
cated from �c-Si:H.1 The improved overall cell perfor-

mance with a �c-Si:H p layer was explained by an increase
in the built-in potential �Vbi� of the top junction as well as
decreasing the series resistance and optical absorption.1 This
study was handicapped by the evolution of microstructure in
PECVD growth of Si:H with high hydrogen dilution ratios.
Initially, a-Si:H material is deposited, but as the bulk thick-
ness layer increases small nanocrystals are nucleated, prefer-
entially grow into microcrystals, and eventually coalescence
into a �c-Si:H film.7–9 In this study, the films that were
characterized by optical absorption and conductivity were
necessarily thick ��100 nm�, and thus it is likely that they
evolved to coalesced �c-Si:H. On the other hand, the p lay-
ers incorporated into the solar cells themselves were ex-
tremely thin ��10 nm� and may not have nucleated any
nanocrystals. Reflection high-energy electron diffraction
�RHEED� patterns were also presented as evidence that the
optimum p layers were �c-Si:H.3 However, RHEED is very
surface sensitive and thus fails to probe the p layer material
closest to the i / p interface. It is likely that the films deter-
mined as �c-Si:H initially started as a-Si:H and evolved
greater volume fractions of nanocrystals with thickness until
the surface of the p-layer appeared microcrystalline with
RHEED.

Recently, Du et al. reported results of a structural analy-
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sis of the high R p layers found to optimize VOC in a-Si:H
n-i-p solar cells.10 This analysis applied Raman scattering
spectroscopy and high-resolution transmission electron mi-
croscopy �HRTEM�. The Raman scattering measurements
were performed on 300 nm thick p layers deposited on glass
substrates and measured from the glass side. The result re-
vealed a crystalline volume fraction of 11% for p layers op-
timized for highest VOC in the solar cell structure. The limi-
tation of such a Raman study was recognized. In fact,
because the absorption depth is up to 100 nm for the 488 nm
laser line used by these authors, the Raman scattering signa-
ture of crystallites may have occurred from the region of the
film deeper than 15 nm, the p layer thickness. Thus, another
focus of this literature study was HRTEM characterization.
This analysis was performed on a more realistic structure: a
15 nm thick p layer grown on a 15 nm intrinsic a-Si:H layer
which was intended to correspond to the standard i / p inter-
face in device fabrication.10 The surface nanocrystallite den-
sity was found to be approximately 50% for the p-layer con-
ditions providing the highest VOC in the actual cell structure.
However, one potential problem that may still limit the rel-
evance of this result is the fact that the 15 nm i layer was
prepared on glass. If this i layer is not deposited under the
same conditions as in the solar cell structure, i.e., optimized
for an amorphous n layer as a substrate, the glass substrate
may promote nanocrystallites or seeds for nanocrystallite de-
velopment that are suppressed by the n layer in the solar cell
configuration. A second more general problem that will be
addressed further is the relevance of observed nanocrystals to
the actual device performance.

Other studies on p layers for optimizing VOC utilizing
phase diagrams, ex situ spectroscopic ellipsometry �SE�, and
recombination determined by dark current-voltage character-
istics argue for a predominantly amorphous p layer in the
protocrystalline regime as the optimum p layer structure.4,6,11

The a-Si:H material prepared just below the onset of nano-
crystallite nucleation on the deposition phase diagram for a
given desired thickness is referred to as “protocrystalline”
and was previously shown to provide superior performance
when used as i layers of a-Si:H solar cells.12–14 These stud-
ies put an upper limit on the nucleation density of nanocrys-
tals within the amorphous matrix at the sensitivity limit of
the spectroscopic ellipsometer: �2% for the thin p layers.6

This study builds on this previous work and overcomes
the limitations of these studies by combining insights avail-
able from electronic measurements, real time spectroscopic
ellipsometry �RTSE�, atomic force microscopy �AFM�, HR-
TEM, and dark field TEM of cross sections of entire solar
cells to formulate a more comprehensive model for the im-
proved VOC observed with high hydrogen dilution p layers.

EXPERIMENT

The undoped and p-type doped Si:H layers utilized to
develop the phase diagrams were deposited on R
= �H2� / �SiH4�=0 a-Si:H, which was in turn deposited on
crystalline Si using single-chamber rf PECVD and were
measured in real time using a rotating-compensator multi-
channel ellipsometer for RTSE.15 Underlying a-Si:H films

prepared with R values from 0 to 10 were verified to be fully
amorphous using RTSE and HRTEM. The substrate tempera-
ture T, rf plasma power P, and SiH4 flow F were set at T
=200 °C, P=0.8 W/cm2, and F=1 SCCM �SCCM denotes
cubic centimeter per minute at STP�, respectively. In addi-
tion, the H2-dilution ratio R, doping gas ratio D, and total
pressure ptot were set within the ranges R�50–200, D
= �BF3� / �SiH4��0–0.2, and ptot�0.3–0.9 Torr, respec-
tively. For these Si:H layers, P was an order of magnitude
higher than that for the underlying a-Si:H films. Previous
studies have found excellent agreement between deposition
phase diagrams obtained by RTSE for single-chamber depo-
sition and those obtained by ex situ SE and AFM for multi-
chamber deposition, applying similar process parameters in
each case.16 In order to confirm the actual microstructure of
these p layers, a series of AFM and TEM studies were per-
formed on the following cell structures: �i� �c-Si substrate�/
�R=10 i-type a-Si:H �120 nm�� / �D=0.2 p-type Si:H �20–
30 nm�� for AFM and plan-view TEM and �ii� �c-Si
substrate� / �SiO2 �100 nm�� / �evaporated Cr �100 nm��/
�n-type a-Si:H �25 nm�� / �R=10 i-type a-Si:H �100 nm��/
�p-type protocrystalline-Si:H �25 nm�� for both the surface
and cross section for TEM. The cell structures were exam-
ined in a noncontact mode with a Park Scientific M5 AFM
over a 1�1 �m2 area. The high-resolution and dark field
TEM imaging was performed at the National Renewable En-
ergy Laboratory. The n-i-p structures in this study were de-
posited by rf PECVD at substrate temperature of 200 °C
with bulk R=10 intrinsic layers under the previously de-
scribed conditions.17 The p-Si:H cell structures consisted
of glass/Cr/�n-type �c-Si:H �35 nm��/�i-type a-Si:H
�400 nm��/�p-type Si:H ��20 nm��/ITO �ITO denotes in-
dium tin oxide�, where the p layers were deposited with R
varying from 100 to 200, and the doping ratio was fixed at
D= �BF3� / �H2�=0.2.11 The ITO top-contact layers were
sputter-deposited at 170 °C and the areas of the structures
tested were 0.05 cm2. The cells were characterized using
dark current-voltage �JD-V� as well as light current-voltage
�I-V� measurements under 1 sun illumination conditions.
Both of these measurements were performed at 25 °C using
a three-point probe technique in order to eliminate any ex-
traneous series resistance effects, allowing the JD-V charac-
teristics to be accurately characterized at high forward bias.18

RESULTS

The microstructure and its evolution for the p-Si:H lay-
ers in this study were characterized with RTSE.19 Guided by
previous studies,11 a series of five p layers were deposited
with D=0.2 and R=100, 125, 150, 175, and 200 on a-Si:H i
layers with R=0. Figures 1�a� �for R=100, 125, and 150� and
1�b� �for R=150, 175, and 200� show the roughness layer
thickness �ds� as a function of accumulated bulk layer thick-
ness �db� determined by RTSE. Figure 1�a� shows that the
surface roughness layer on the R=100 is relatively stable to
a thickness of �90 nm at which point a roughening onset
indicates a transition to mixed-phase Si:H growth. For the
R=125 and 150 films, this mixed-phase roughening onset
has shifted to smaller thicknesses ��20 nm� and a shoulder
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near 80 nm develops, the latter indicating a transition to
single-phase microcrystalline Si:H. In order to extract the
information in Fig. 1�a� for the lower R p layers �R=100 and
125�, it was necessary to incorporate void structures whose
depth profiles are depicted in Fig. 2, as extracted through a

virtual interface analysis of the RTSE data. Figure 2 shows
that a significant volume fraction of voids is trapped within
�50 nm of the interface to the i layer in the R=100 film, and
these are eliminated with increasing R as the mixed-phase
transition is approached for the desired p layer thickness. In
Fig. 1�b�, clearer shifts to decreasing thickness in the mixed-
phase roughening onset and the single-phase shoulder are
observed. The interpretation of the roughness evolution in
terms of mixed-phase and single-phase transitions are sup-
ported by analyses of the deduced dielectric functions of the
films and summarized on the deposition phase diagram of
Fig. 3.

The full deposition phase diagram for the p-type doped
layer with D=0.2 and 100�R�200 shown in Fig. 3 in-
cludes both the amorphous-to-�mixed-phase�-amorphous/
nanocrystalline Si:H transition thickness �designated by
filled circles and a solid line� and the �mixed-phase�-to-
�single-phase� �c-Si:H transition thickness �designated by
open circles and a dashed line�. The phase diagram shows
that for R=100, the film grows initially as a-Si:H and crys-
tallites begin to nucleate from the amorphous phase after a
bulk layer thickness of 90 nm. The resulting mixed-phase
amorphous/nanocrystalline hydrogenated silicon �a /nc-
Si:H� continues to grow until the final film thickness of
150 nm is reached. The open symbol and the upward arrow
for R=100 indicate that the transition to single-phase
�c-Si:H must occur for thicknesses greater than the desig-
nated 150 nm, as evidenced by the lack of a coalescence
shoulder in the data of Fig. 1�a�. In contrast, at R=200, the
transition from predominantly a-Si:H to mixed-phase
a /nc-Si:H occurs at an accumulated thickness of 2 nm.
Also, the transition to single-phase �c-Si:H occurs at 20 nm
and is highlighted with a dashed line as a function of R. The
crystalline volume fraction as a function of thickness for a
given R value was determined by RTSE using a previously
described method.20 The optimal p-layer material for a thick-
ness of 20 nm is denoted by the solid arrow at R=150.

In Figs. 4�a�–4�c�, the surface topology of a 1�1 �m2

scan provided by an AFM in noncontact mode is shown for p
layers in the configuration �c-Si substrate�/�R=10 i-type
a-Si:H �120 nm��/�D=0.2 p-type Si:H �20–30 nm�� with
p-layer H2-dilution levels of R=100, R=150, and R=200,
respectively. It is evident that the R=100 p layer of Fig. 4�a�

FIG. 1. �a� Roughness layer thickness �ds� as a function of accumulated bulk
layer thickness �db� determined by RTSE for p layers of D=0.2 and R
=100, 125, and 150. �b� Roughness layer thickness �ds� as a function of
accumulated bulk layer thickness �db� determined by RTSE for p layers of
D=0.2 and R=150, 175, and 200.

FIG. 2. Void volume fraction as a function of bulk layer thickness �db�
extracted through virtual interface analysis of the RTSE data in Fig. 1.

FIG. 3. Extended phase diagram for D=0.2, p-Si:H as a function of hydro-
gen dilution ratio �R� and accumulated bulk thickness �db�.
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with a rms surface roughness of 0.63 nm is amorphous and
that the R=200 p layer of Fig. 4�c� with a rms surface rough-
ness of 2.18 nm is fully �c-Si:H. For the p layer of Fig. 4�b�
with an rms surface roughness of 1.29 nm, however, it is
more difficult to ascertain the exact nature of the material,
but it appears that there are several nanocrystals per �m2 of

surface. This was confirmed with multiple scans over differ-
ent locations on identically prepared samples. In addition, a
complete solar cell �c-Si/SiO2/Cr/n-i-p� for the R=150 was
imaged. The rms surface roughness value of 2.36 nm ob-
tained for this cell is within experimental error, the same as
that of an amorphous material deposited on such a multilayer
stack. The AFM results are thus consistent with the RTSE
results, namely, that the optimal p layer is proto-
crystalline in nature with a volume fraction of nanocrystal-
lites below the detection limit of the optical probe.

The materials characterized in Figs. 1–4 were used as
20 nm p contacts in state-of-the-art n-i-p solar cells. The
1 sun VOC values, the crystalline volume fraction as deter-
mined by ex situ SE, and the rms surface roughness deter-
mined by AFM are shown in Table I for five values of R. The
highest VOC is achieved by the cell having a R=150 p layer
that has protocrystalline character such that the growth pro-
cess is very close to the transition to the mixed �a
+nc�-Si:H phase for the 20–30 nm thickness of the layer.21

For R=100, the p layer is amorphous throughout its thick-
ness and the 20 nm thickness is far from the transition into
the mixed phase. On the other hand, for the R=200 cell, the
p layer develops into a mixed �a+nc�-Si:H phase almost
from the beginning of the deposition and evolves into a
purely microcrystalline phase at the thickness of �20 nm.

In order to obtain a more direct description of the phase
of the optimum p-layer material with R=150 and thickness
of 20–30 nm, selected area diffraction �SAD� and TEM im-
aging were also utilized. In Fig. 5, the SAD pattern also
agrees with the RTSE data and indicates a predominantly
amorphous material. However, TEM dark field imaging of
the optimized p-layer �R=150, D=0.2� samples revealed
some small ��10 nm� nanocrystallites embedded in the
amorphous matrix, as seen in the plan view in Fig. 6. In Fig.
7, the high-resolution examination of the crystallites in Fig. 6
clearly displays the lattice image with the Si �111� fringes. In
aggregate, these results all indicate that the R=150 p layer
contains a low density of nanocrystallites in an amorphous
matrix. Finally, to confirm the protocrystalline growth view
provided by RTSE, cross sectional TEM images of the cell
were taken with a p layer prepared under the optimum con-
ditions but to somewhat greater thickness �40 nm� than that
in the device in order to track the evolution of the crystal-
lites. As can be seen in Fig. 8, nanocrystallites are clearly
visible with dark field imaging. The nanocrystallites appear
to nucleate after a thickness of about 20 nm, in consistency

FIG. 4. 1�1 �m2 AFM images of �a� R=100, �b� R=150, and �c� R=200
for structures on a c-Si substrate/120 nm i, R=10/20–30 nm p at D=0.2.

TABLE I. The 1 sun open circuit voltages, crystalline volume fraction from
RTSE, and rms surface roughness from AFM �Fig. 4� of D=0.2 p layers for
hydrogen dilution ratios R=100–200.

R VOC

Crystalline
volume

fraction �%�
rms

AFM �nm�

100 0.92 �2 0.63
125 0.93 �2
150 0.96 �2 1.29
175 0.94 30
200 0.88 63 2.18
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with the phase diagram of Fig. 3 and then grow as cones with
increasing diameter with accumulated bulk thickness. Thus,
for a 25 nm p layer in a device there is a small nanocrystal-
line volume fraction near the top of the layer, whereas the
material adjacent to the i / p interface is purely protocrystal-
line.

DISCUSSION

The aggregate of results from RTSE, AFM, SAD, HR-
TEM, and dark field TEM clearly point to the highest VOC

being obtained with a protocrystalline a-Si:H/nc-Si:H p
layer that is deposited at a maximum R value, allowing the
desired thickness to be obtained while only growing a rela-
tively small volume fraction of nanocrystallites. There are,
however, several key factors that have a synergistic effect
that combine to determine the role this microstructure has on

VOC: �1� modification of the underlying i layer due to expo-
sure to the H2-rich plasma of the p layer, �2� i / p interface
characteristics that control recombination, and �3� increased
ordering and band gap of the protocrystalline p layer mate-
rial due to enhanced H2 dilution.

The deposition of optimal p layers with high hydrogen
dilution may modify the sublayer of the intrinsic material.
The increased flux of atomic hydrogen in the plasma due to
the large hydrogen dilution ratio can enter the i layer in the
several initial atomic monolayers of p-layer deposition and
be incorporated into the amorphous network. The increased
hydrogen content of the resultant i layer would be expected
to have a larger band gap and narrower band tails near the

FIG. 5. Selected area diffraction �SAD� pattern for D=0.2 and R=150
p-layer film

FIG. 6. Dark field plan-view TEM image of the optimal R=150 p-layer
material showing nanocrystallites of 10-25 nm diameter. The structure is on
a c-Si substrate/120 nm i, R=10/20 nm p at D=0.2.

FIG. 7. High-resolution TEM image of the optimal R=150 p-layer material
clearly showing the Si �111� fringes within the nanocrystal in the middle of
the image.

FIG. 8. Cross sectional TEM images c-Si substrate/120 nm i, R
=10/20–30 nm p �R=150, D=0.2�. Optimal case for n-i-p p layers �VOC

=0.96 V�.
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i / p interface than an i layer covered with a low-R p
layer.22,23 These subsurface reactions, which improve the i
layer adjacent to the i / p interface, are analogous to those
obtained with the protocrystalline a-Si:H buffer layers used
in solar cells with a-SiC:H p layers.24 The significant
changes in the band gap of �20 nm in the intrinsic a-Si:H
observed during the deposition of the protocrystalline p lay-
ers support this explanation.6 Likewise, the high hydrogen
dilution in the optimal p layer would reduce damage to the i
layer during the beginning of the p-layer deposition. This is
similar to the research on the heterojunction with intrinsic
thin layer �HIT� structure,25 where a crystalline silicon i layer
is sandwiched between a wide band gap a-Si:H buffer i
layers before depositing the p and n layers on either side.
Finally, the larger band gap and narrower band tails in the
i / p interface region would lower electron hole recombina-
tion there.

Earlier work by Vlahos et al. studied the recombination
at the i / p interfaces on identical cells with JD-V
characteristics.11 The recombination at the i / p interface de-
pends on: �i� the densities of defects at the i / p interface, �ii�
the band gap in the i / p region, �iii� alignment at the i / p
interface between the i layer and the p layer, and �iv� the
built-in potential �Vbi�. Determination of the Vbi is compli-
cated because it is dependent on both band gap alignment
between the i and p layers as well as the doping efficiency of
the p layer. These factors can work against one another. For
example, the effect of moving the Fermi level as a conse-
quence of the higher doping efficiency is counteracted by the
increase in the p-layer band gap. In this case, when R is
increased from 100 to 150 in the two protocrystalline p lay-
ers there is an increase in the band gap due to increased
hydrogen content as well as increased doping efficiency,
which could both increase the Vbi. An increase in Vbi contrib-
utes to the reduction of recombination at the i / p interface
since it decreases the concentration of electrons in the inter-
face region.17 Another possible reason for the significant re-
duction in recombination is the decreased defect state density
in the i / p interfaces themselves.

The recombination obtained at the i / p interface with the
R=150 protocrystalline p layer is significantly smaller than
that for the R=40 buffer layer in the a-SiC:H n-i-p cells, the
lowest achieved for those cells.11 As a consequence of this
low i / p interface recombination in the R=150 p-Si:H cell,
the bulk recombination regime extends to higher voltages
and gives the highest 1 sun VOC. When R is increased further
�from 150 to 200�, the p layer is immediately formed in the
mixed �a+nc�-Si:H phase. In this case, not only does the
nature of the i / p interface change, but there is also a de-
crease in the gap of the p layer. This decrease is fairly sym-
metrical for the conduction and valence bands,26 so even
though the doping efficiency remains high, the net band mis-
alignment can in fact lead to a decrease of Vbi and additional
detrimental i / p interface recombination.11 These factors have
a net negative effect on the VOC.

Higher R would also be expected to improve the micro-
structure of the protocrystalline p layer, much similar to the
results observed in i layer materials.12 For the optimal case
found in this study at R=150, the increased hydrogenation

without the onset of major volume fraction of nanocrystal-
lites enhances both the ordering in the material and its band
gap. The results in this study show that the optimal p-layer
material leading to higher VOC values is a mixed-phase
amorphous-nanocrystalline material. It is important to appre-
ciate the nonhomogeneous protocrystalline nature of this ma-
terial. The optimal p layer is not a uniform mixed-phase
material with nanocrystals equally dispersed within the
20 nm thickness. The nanocrystallites evolve with thickness
and those on the top of the p layers in the n-i-p configuration
may assist in making good electrical contact with the trans-
parent conducting oxide �TCO�. Overall, the results show the
small volume fractions of nanocrystals in the predominantly
protocrystalline material can accompany a high VOC in the
complete n-i-p solar cell.

CONCLUSIONS

High efficiency a-Si:H n-i-p solar cells fabricated with
rf PECVD utilize a p-type doped Si:H layer deposited at low
temperatures using high hydrogen-to-silane flow ratios to
achieve high VOC’s. The combined evidence of RTSE, ex situ
SE, AFM, SAD, HRTEM, and dark field TEM of cross sec-
tions of entire solar cells indicate the optimal p-layer mate-
rial leading to higher VOC values and has a low volume frac-
tion of nanocrystals embedded in a protocrystalline Si:H
matrix. Solar cells fabricated with p layers with �a
+nc�-Si:H microstructure possess lower recombination at
the i / p interface than standard cells. The growth of the p
layers follows a thickness evolution in which pure protocrys-
talline material is observed at the interface to the i layer and
a low density of nanocrystallites nucleates with increasing
thickness. The advantages offered by the protocrystalline
character associated with the amorphous phase of the mixed-
phase �amorphous+nanocrystalline� p layers prepared with
excess H2 dilution account for the improved VOC of the op-
timum p layers. These advantages include sublayer modifi-
cations of the i layer to increase band gap, i- and p-layer
ordering, and decreased recombination at the i / p interface.
In this model, the appearance of a low volume fraction of
nanocrystals near the top transparent conductor interface can
accompany a high VOC.
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