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The Femtosecond Energy
Diffusion Sensor: A Non-contact
Tool for Photovoltaic
Characterization
The femtosecond energy diffusion sensor is presented as a non-contact tool for the
the characterization of thin film hydrogenated amorphous silicon (a-Si:H) photovo
cells. The sensor is based on the pump-probe technique and when used with the
priate models, this non-contact, non-destructive tool is shown to be capable of meas
important material characteristics of each layer of a p-i-n junction including bandg
and density of states. When fully developed, it is believed that the sensor could be u
a factory environment to detect and solve problems rapidly and to maintain control o
entire manufacturing process.@DOI: 10.1115/1.1767991#
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Introduction
In order for photovoltaics to compete with traditional sources

grid-connected power, the cost per Watt must come down. C
talline silicon ~c-Si! solar cells dominate the market@1# but are
expensive with a cost between $3.50 and $4.00 per Watt. An
ternative is hydrogenated amorphous silicon~a-Si:H! solar cells.
This technology was first developed in 1974 at RCA Laborato
by Carlson and Wronski@2# and today large panels can be pr
duced by Plasma Enhanced Chemical Vapor Deposition~PECVD!
at a cost of $2.00–$2.50 per Watt, well below that of c-Si. No
theless, this is still too high to take a significant piece of the pow
generation market.

Hydrogenated amorphous silicon offers several advantages
c-Si technology. The composition can be varied by alloying w
germanium or carbon to produce multi-junction cells~layers with
different bandgaps to absorb different parts of the solar spectr!.
Because the material itself has a number of defects, it is
sensitive to the presence of impurities. Those defects, howe
mean that a-Si:H solar cells are less efficient~5–8% efficiency!
than those made from c-Si and thus require larger areas to pro
the same power. The efficiency of a-Si solar cells also decre
by 10–30% over time due to light-induced degradation, also
ferred to as the Staebler-Wronski effect. Many models for t
phenomena have been proposed@3#.

Carlson and Wronski’s a-Si solar cell had a p-i-n structure~Fig.
1!. The p-i-n structure is used today to make amorphous sili
solar panels for a wide variety of commercial applications. It co
sists of a glass substrate, a transparent tin oxide (SnO2) front
contact, a thin p-type~boron doped! a-Si:H layer, a thicker intrin-
sic ~undoped! a-Si:H layer where most of the light absorptio
takes place, a thin n-type~phosphorus doped! a-Si:H layer, and a
zinc oxide~ZnO! rear contact. The typical manufacturing proce
for a-Si:H @4# begins with a large glass plate precoated with
oxide. Several plates are hung in a carrier and pass throu
series of deposition chambers as the multiple layers of a-Si:H
deposited. A complete solar cell module is manufactured by
positing appropriately doped layers in the correct order to crea
p-i-n diode. At the present time, the modules are tested only a
they are complete, not during or between process steps. There
if a module fails to meet the specifications, there is no clear w
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revision April 2004. Associate Editor: A. Walker.
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of knowing which layer may have been improperly deposite
Modules made subsequent to the faulty module may contain
same flaws. In the early stages of ramping up production in a n
facility, more than 40% of the manufactured modules may fail
meet the factory specifications@5#. The FED sensor has been d
veloped as a means of measuring the properties of each layer
is deposited in hopes of improving this percentage.

The Femtosecond Energy Diffusion~FED! sensor is based on
the pump-probe technique~Fig. 2!. In this method, a high inten-
sity pulsed laser is focused on a sample. The term ‘‘femtoseco
refers to the fact that each laser pulse lasts only 200 femtosec
~fs! or 200310215 seconds. These intense ‘‘pump’’ pulses gen
ate electron-hole pairs and excite electrons across the ban
into the conduction band where they are able to move. ‘‘Ene
diffusion’’ occurs as the electrons ‘‘fall’’ back to the bottom of th
conduction band and ultimately recombine with holes. This cau
heating of the sample.

The entire process is monitored using a second laser beam
cused on the same spot. These lower intensity laser pulses ac
probe or detector. As the probe pulses are delayed with respe
the pump pulses, the changes in transmission through the sa
~DT! of the probe pulses give information about the decay of
excited state and hence the material properties. Because
changes in transmission are related in part to the heating of
sample, the measurements are refered to as Transient Th
Transmission~TTT! measuresurements.

The Ti-sapphire laser that forms the basis of the FED sen
can be tuned over a wavelength range between 870 nm and
nm. This corresponds to a photon energy between approxima
1.4 eV and 1.7 eV and when this is considered in light of the ba
structure of amorphous silicon, it makes this work particula
unique. The details of the experimental arrangement can be fo
in previously published work@6,7#.

Figure 3 is a schematic of the band structure of a-Si. It sho
the density of available states as a function of energy. The c
duction and valence bands are primarily parabolic in shape w
the bandgap~'1.7 eV! defined between the verticies of the p
rabolas. The bottom of the conduction band~and the top of the
valence band! has a density of states that decreases roughly ex
nentially. This is called the exponential band tail or Urbach ed
Photon energies between 1.4 eV and 1.7 eV cause electron
jump from the valence band tail to the conduction band tail.
pumping and probing in the band tail region, properties of parti
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lar importance to the operation of photovoltaic cells can be m
sured including the bandgap, doping level, alloying level, opti
absorption, and a simplified density of states.

Results of Tests on Single Layer Samples
The potential of the FED sensor has been shown in a numbe

recent experiments. Samples with thicknesses ranging from
nm to 2000 nm, with varying hydrogenation, annealing, lig
soaking@8# and doping levels@7# have been tested, along wit
alloys including carbon and germanium@6,9#. The films were
grown by plasma enhanced chemical vapor deposition over
oxide on glass. Since changes in reflectivity for these samples
orders of magnitude smaller than changes in transmission@9#, it is
assumed that the strong change in transmission response is
entirely to absorption mechanisms within the films.

By probing with a photon energy range of 1.4–1.7 eV, mu
can be learned about recombination rates and absorption me
nisms that rely on the exponential band tail states. Typical 6
cosecond~ps! TTT data acquired from a 500 nm intrinsic a-Si:
sample have an initial nominal value followed by a sharp nega
spike in the transmission signal, as seen in Fig. 4. The nega
spike is due to free-carrier absorption and the difference in pr
absorption before and after the pump pulse results from incre
interband absorption due to a temperature induced reduction in

Fig. 1 Structure of an a-Si solar cell

Fig. 2 Pump-probe technique
132 Õ Vol. 127, FEBRUARY 2005
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bandgap@6#. This negative spike is followed by a rapid deca
Excited electrons relaxing within the exponential band tails a
deep traps produce this rapid decay, reaching a residual value
a few picoseconds@7#. Because the absorptivity increases af
exposure to the pump laser pulse, the process is often ca
photo-induced absorption.

The magnitude of the residual value at 5 ps is plotted a
function of photon energy in Fig. 5. Five ps is chosen because
residual value reaches a near constant value by this time. M
mizing the experimental time scale to 1500 ps reveals only a v
slight decrease in this residual value. The probe absorption c
tinues to slowly diminish as recombination occurs and the exc
area returns to thermal equilibrium. As the figure shows, when
data for the a-Si:H sample is normalized to the peak value,
relative magnitude of the residual value~as a percentage of th
peak! increases as the light energy is increased from 1.426
1.700 eV~870 nm to 730 nm! reaching its maximum value of on
at approximately 1.7 eV.

Alloying the silicon with germanium and carbon produces
sults similar to those shown in Figs. 4 and 5, shifted due
changes in the bandgap of the material. Tests of samples
varying levels of alloying have proven the ability of the sensor

Fig. 3 Simplified band structure of a-Si

Fig. 4 Normalized TTT data of intrinsic 500 nm a-Si:H at differ-
ent pump and probe energies ranging from 1.426 to 1.700 eV
Transactions of the ASME

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



e
m

o
t
o

f

i

e

r

l is

i:H
-

used
ri-

de-
-i-n
ual
t is
ugh-
ing

les
of

lay-
m-
ll
ples

ple
B:H
pe
the

ties
data
lec-
as
-

oper-

ples
olar
lied

oxi-
rate

on
n

er a
one
an
xi-
00
-
gap

p-i
was
as

p-
and-

um-
ual
n
neral
type

00
-

Down
distinguish between them@6#. By correlating the bandgap to th
level of alloying, the sensor can determine the amount of ger
nium or carbon present in the sample.

Doping with phosphorus and boron to produce n-type~a-
Si:P:H! and p-type~a-Si:B:H! layers adds large numbers of defe
states to the material and has a pronounced effect on the sha
the scan as seen in Fig. 5. The figure also shows results
theoretical model@7#. The model is seen to provide a good fit
the experimental results for not only intrinsic amorphous silic
but for n-type and p-type a-Si:H as well. The spike is attributed
absorption of the probe pulse by free-carriers generated by
pump pulse combined with the interband absorption. The dif
ence in absorptivity before and after the pump pulse is calcula
by a model that includes two components. One component g
an increase in absorptivity due to the temperature dependen
duction in the bandgap as the sample is heated by the pump p
This causes an increase in the absorptivity because the p
pulse, at a given wavelength, is able to excite more carriers ac
the reduced bandgap. The second component causes a decre
the absorptivity due to trapping of the free-carriers generated
the pump pulse, preventing those carriers from being availabl
absorb the probe pulse and thus reducing the absorption. In
n-type sample, the trapping dominates and the sample under
photo-induced bleaching where the transmissivity increases~ab-
sorptivity decreases! after exposure to the pump laser beam. Fo
more detailed description of the model refer to McLeskey a
Norris @6#.

Figure 6 is a visual representation of the density of states for
three samples as determined by the theoretical model. The ve
axes represent the relative energies of the states and the horiz
axes represent the magnitude of the density of states in term
absorptivity~cm21!. Although the literature contains a large var

Fig. 5 Residual values for a-Si:H, a-Si:P:H and a-Si:B:H single
layer samples „500 nm each …

Fig. 6 Densities of states for each single layer sample as de-
termined by the absorption model
Journal of Solar Energy Engineering
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ety of density of states models for phosphorus doped a-Si:H@10–
14#, the simplified density of states produced by the mode
closest to that found in Anderson and Paul@14#.

While pump-probe studies on single layer samples of a-S
have been performed since 1979@15#, very few have been per
formed on a-Si:H multi-layer structures@16–18#. There do not
appear to be any previous cases where the technique was
with the intention of measuring the material properties of the va
ous layers during the build-up process. The following section
scribes such a set of experiments on the layers of an a-Si:H p
junction. The goal is to measure the properties of each individ
layer after it has been deposited on a multi-layer structure. I
hoped that the sensor could then be used to improve the thro
put of a manufacturing plant and the efficiency of the result
photovoltaic cells.

Results of Tests on p-i-n Junctions
Using the knowledge gained by studying single layer samp

@6,7#, additional studies were performed to show the feasibility
using the FED sensor to measure the properties of individual
ers in a multi-layer a-Si:H photovoltaic cell. Three samples co
prising the typical build-up of a single junction a-Si:H solar ce
were produced and scanned with the FED sensor. The sam
tested were: an a-SiC:B:H p-type layer, a p-i multi-layer sam
where an a-Si:H intrinsic layer has been added to the a-SiC:
p-layer, and a complete p-i-n junction where an a-Si:P:H n-ty
layer has been added to the other two layers. By scanning
samples following the deposition of each new layer, the proper
of each new layer can be determined using the model. The
provided by the model can then be used in available microe
tronic and photonic device simulation programs such
AMPS-1D @19# to predict the operating characteristics of com
plete solar cells and other devices based on the measured pr
ties of the individual layers.

Transient transmission studies were performed on three sam
prepared by BP Solar. The samples mimic the build up of a s
cell during the manufacturing process. Each sample was app
by Plasma Enhanced Chemical Vapor Deposition~PECVD! on a
specular tin oxide (SnO2) over glass substrate. A thin~10 nm
thick! p-type layer was first applied to each substrate at appr
mately 5 angstroms/s. The layer was applied using gas flow
ratios of 60:12:21 of silane (SiH4), methane (CH4) and a
trimethylboride/silane mix (TMB/SiH4) to produce a-SiC:B:H.
Carbon is often added to the front p-layer of a p-i-n juncti
yielding a-SiC:B:H instead of just a-Si:B:H. This combinatio
produces a p-layer with a bandgap of approximately 1.9 eV@20#.

For the second sample, an intrinsic layer was deposited ov
p-layer identical to that described above, just as would be d
during the manufacturing of a device. This p-i sample had
i-layer approximately 300 nm thick. It was deposited at appro
mately 1 angstrom/s using a gas flow mixture ratio of 60:6
silane(SiH4):hydrogen(H2). This resulted in a sample with a hy
drogen content of about 10%. The resulting sample had a band
of approximately 1.7 eV@20#.

A p-i-n sample was made by depositing an n-layer over the
layers of the second sample. The n-layer in this third sample
approximately 30 nm thick. The gas flow rate ratio used w
46:8:540 silane(SiH4):phosphine/silane(PH3 /SiH4) mix:hydro-
gen(H2), resulting in a sample with a composition that was a
proximately 3 atomic percent phosphorus. The sample had a b
gap of about 1.7 eV@20#.

The experimental residual values for the three samples are s
marized in Fig. 7. As can be seen from the figure, the resid
value for the p-layer~l! is relatively flat over the range of photo
energies studied. Although carbon has been added, the ge
shape of the curve corresponds with the results of scans on p-
samples shown in Fig. 5. The scans of the p-i sample~j! result in
a curve that is extremely close to that found previously for the 5
nm a-Si:H sample~Fig. 5!. This is logical since the sample con
FEBRUARY 2005, Vol. 127 Õ 133

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



l
s
n

l
m
v
r

fi

l
h
s

p

o

t

h

h

e
f

the

be

e-
the

e
sion.
free
ter-
an-
ibed

d

ter-
ab-
to

ach
axi-

ent
ibed
del
es.

um
l
obe
lue.

nc-
how
olar
s to
the
the

the

1.9
ata
.95

t the
dded
ere

at
pe of
pe
uld

Down
sists of only 10 nm of a-SiC:B:H and 300 nm of a-Si:H. Final
the curve for the p-i-n sample~m! includes a section that dip
below the x-axis indicating photo-induced bleaching. This is
unexpected because the n-layer is heavily doped with phosph
and the n-type samples shown in Fig. 5 showed photo-indu
bleaching as well. Most interesting is the fact that it is possible
distinguish between the samples as subsequent layers are ad

Analysis and Discussion of Results
Two computer models have been utilized to analyze the exp

mental results. The first model~the ‘‘absorption integration’’ or
‘‘absorption’’ model! is described in a previous publication@7#
and is used to fit the experimental data of a single layer by ca
lating the difference in absorptivity before and after the pu
pulse~the residual value!. As before, the net change in absorpti
ity is found by combining the results of two calculations. The fi
calculation finds an increase in absorptivity due to the tempera
dependent reduction in the bandgap. The second calculation
a decrease in the absorptivity due to trapping of the free-carr
generated by the pump pulse.

The second model~the ‘‘multi-layer’’ model! uses experimenta
data along with results generated by the absorption model to
find the properties of individual layers within a multi-layer sy
tem. After the absorption model has been applied to a single la
~a p-layer in this case!, a second layer~generally an intrinsic
layer! is deposited on top of that first layer. The multi-layer mod
can use the absorption model data of the first layer and the ex
mental FED data from the two- layer system to find the resid
value curve for the second layer. This curve is then fit using
absorption model to find the properties~bandgap, density of
states, etc.! of the second layer. The process is then repeated
any additional layers.

The multi-layer model is built on many of the same concepts
the absorption model. It works as follows: as in the basic abso
tion model, both the pump and probe pulses are modeled as G
sians with a FWHM of 200 fs. The heights of the pulses are ba
on the incident power and wavelength of the pump and pr
beams. The total number of absorbed photonsNtotal for each
beam at each time step is calculated by summing the pho
absorbed in each layer. For a full junction, the laser reaches
n-layer first, followed by the i-layer, and finally the p-layer, so t
equation@21# used in the basic model is adapted to work for ea
layer in order. For the n-layer, the equation looks similar to t
used in the basic model@7#:

Nn5G02G0 exp~2anxn! (1)

whereG0 is the number of incident photons,an is the absorptivity
of the n-layer material, andxn is the n-layer thickness. For th
i-layer, the equation needs to be modified to account for the

Fig. 7 Experimental residual values for p-i-n junction build-up
samples
134 Õ Vol. 127, FEBRUARY 2005
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that some of the incident photons may have been absorbed in
n-layer. The revised absorption equation becomes:

Ni5G0 exp~2anxn!2G0 exp~2a ixi !exp~2anxn! (2)

wherea i is the absorptivity of the i-layer material andxi is the
i-layer thickness. For the p-layer, the equation again needs to
adapted. This results in:

Np5G0 exp~2a ixi !exp~2anxn!2G0 exp~2a ixi !

3exp~2anxn!exp~2apxp! (3)

whereap is the absorptivity of the p-layer material andxp is the
p-layer thickness. The total number of absorbed photons,Ntotal ,
is the sum of the number absorbed in each layer:

Ntotal5Np1Ni1Nn (4)

The output of the multi-layer model isNtotal for the probe beam
normalized by the maximum value.

With the multi-layer, just as with the single layer samples d
scribed previously, as the probe pulse is delayed, it overlaps
pump pulse~defined ast50). Again, the absorption of the prob
increases rapidly and there is a negative spike in the transmis
The spike occurs when the increased absorption due to the
carriers generated by the pump pulse is added to the initial in
band absorption input from the absorption model. As in the st
dard model, the free carrier absorption for each layer is descr
by the following equation@22#:

a f c5l2
q3

4p2c3n* «0
S Ne

mn
2mn

1
Np

mp
2mp

D (5)

wherel is the light wavelength,q is the charge of a carrier,c is
the speed of light,n* is the index of refraction,«0 is the permit-
tivity of free space,Ne andNp are the numbers of electrons an
holes,mn and mp are their effective masses, andmn and mp are
their mobilities. The numbers of carriers,Nn andNp , are calcu-
lated by assuming the pump is generating carriers through in
band transitions into the conduction bandtail. The free carrier
sorption is added to the initial absorption value and used
calculate the maximum number of absorbed photons for e
layer. These individual layer values are summed to give the m
mum absorption value for the sample.

Following the spike due to free carrier absorption, the transi
transmission curve returns to some residual value as descr
previously. The residual values calculated by the absorption mo
for each layer are input into the multi-layer model as percentag
For each layer, this percentage is multiplied by the maxim
absorption value for the layer~the spike! to determine the residua
absorption value for the layer. The numbers of absorbed pr
photons for each layer are summed to give a total residual va

The two models, the absorption model described previously@7#
and the multi-layer model outlined above, were used in conju
tion with scans made on the three samples in order to show
the FED sensor can be used during the fabrication of a-Si:H s
cells to monitor the properties of each layer. The first step wa
use the absorption model to fit the experimental results for
p-layer sample described above. The experimental data and
results from the model are shown in Fig. 8 and show that
model provides a reasonably good fit to the data.

The value of the bandgap for the p-layer is reported to be
eV @20#. When the absorption model is fit to the experimental d
using the appropriate layer thickness, it provides a value of 1
eV, a close approximation to the actual value. This means tha
FED sensor can monitor the amount of carbon that has been a
to the sample. In addition, the model correctly predicts that th
are acceptor states approximately 0.28 eV~1.95 eV–1.67 eV!
away from the bandtail edge. The model does not ‘‘know’’ th
these states are closer to the valence band edge, but the sha
the curve is indicative of p-type samples rather than n-ty
samples. In addition, the basic composition of the sample wo
Transactions of the ASME
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be known fabrication. The density of states for the p-layer
shown in Fig. 9. As expected, it is essentially the same as
shown in Fig. 6 for the a-Si:B:H sample with the appropria
changes to account for the added carbon~larger bandgap! and
reduced boron doping~smaller donor states!.

After the absorption model has been applied to the p-la
sample, the multi-layer model can use the absorption model
of the p-layer and the experimental p-i sample data to find
i-layer properties. Figure 10 uses four curves to show how
i-layer data was determined. The four curves in Fig. 10 are
absorption model of the p-layer sample described above, the
perimental data for the p-i sample, the result of the multi-la

Fig. 8 Residual values for p-layer. Points represent experi-
mental data and the curve represents the absorption model.

Fig. 9 Densities of states for layers of p-i-n junction as deter-
mined by the absorption model and the multi-layer model

Fig. 10 Residual values for p- and i-layers. Points represent
experimental data and the curves represent the absorption
model and the multi-layer model.
Journal of Solar Energy Engineering
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model fitted to the p-i sample data, and the absorption mo
curve required for the i-layer in order to achieve this fit. After t
p-layer model data is entered, the i-layer absorptivities and
residual values are estimated and entered in the multi-layer mo
The absorption model is then used to fit these estimated val
The process is repeated iteratively until the output from the
sorption model provides i-layer absorptivities and residual val
that give the proper p-i curve when entered into the multi-la
model. This means that characteristics of the i-layer have b
measured.

The properties found for the i-layer are extremely close in va
to those found for the single layer intrinsic sample tested pre
ously @6# with a bandgap of 1.76 eV~compared to 1.77 eV mea
sured previously for the a-Si:H sample!. The reported value of the
bandgap for the i-layer is ‘‘about 1.7 eV’’@20#. As shown in Fig.
9, the density of states is unchanged from that for the single la
a-Si:H sample~Fig. 6!.

In the process described above, the multi-layer model was u
with the absorption model data of the p-layer and the experime
p-i sample data to find the i-layer properties. In the same way,
multi-layer model can be used with the absorption model data
the p- and i-layers and the experimental p-i-n sample data to
the n-layer properties. The p-layer and i-layer model data are
tered into the multi-layer model. The n-layer absorptivities and
residual values are then estimated. The absorption model is
used to fit these estimated values. The process is repeated
tively until the output from the absorption model provides n-lay
absorptivities and residual values that give the proper p-i-n cu
when entered into the multi-layer model. This means that cha
teristics of the n-layer have been measured. Figure 11 shows
absorption model curves for each layer as well as the p-i-n exp
mental data and the multi-layer model applied to the p-i-n sam

Once again, the model provides values in close agreement
the expected values. The measured value of the bandgap of 1
is in agreement with the reported value@20#. The donor energy is
0.3 eV~1.7 eV–1.4 eV! below the bandtail energy as expected f
phosphorus doping. Figure 9 includes the density of states for
30 nm thick n-layer in the p-i-n multilayer sample. As expecte
the results are similar to those for the 500 nm thick n-type sam
presented in Fig. 6. The notable difference is the broader Guas
defect state for the 30 nm thick layer due to the presence of he
phosphorus doping of the n-layer~3 atomic % phosphorus as com
pared to 2 atomic % phosphorus in the 500 nm thick sample!.

The FED Sensor as a Characterization Tool
The information provided by the output of the FED sensor,

absorption model and the multi-layer model include both

Fig. 11 Residual values for p-i-n layers. Points represent ex-
perimental data and the curves represent the absorption model
and the multi-layer model.
FEBRUARY 2005, Vol. 127 Õ 135
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bandgap and the density of states. This fundamental informa
can be used to determine the quality of the individual layers
well as the amount of doping and alloying allowing the senso
be used to monitor conditions of various layers during dev
fabrication. This can be done by either comparing each sca
ones stored in a database or by using a computer model to d
mine the properties of each layer and the expected character
of the completed solar cell.

Library of Scans. A simple method of using the FED sens
to determine the quality of the individual layers is to build
database or library. This can be done in the following way. O
time, as cells are fabricated and scanned, a library of scans ca
built and correlated to the final measured output of the comple
cell. Scans of layers can then be compared to those in the lib
to determine when the properties of an individual cell layer are
out of tolerance. The process used to make this ‘‘faulty’’ layer c
then be analyzed and adjusted as needed.

Solar Cell Properties Using AMPS-1D. The process de-
scribed in the previous section will work well if a ‘‘good’’ cell ha
been made with which to compare. Another method is to use
principles to predict the characteristics of the fabricated solar c
AMPS-1D ~Analysis of Microelectronic and Photonic Structure!
is a computer program developed at Penn State University
can simulate one-dimensional photonic device structures inc
ing a-Si:H solar cells@19#. In fact, one of the sample files include
with the AMPS-1D program is for an a-Si:H p-i-n junction sol
cell and provides an excellent way to corroborate the results of
FED sensor and the accompanying models.

AMPS-1D can be operated in two modes: a lifetime pictu
mode where recombination and generation rates are entere
rectly and a density of states picture mode where AMPS calcul
the needed information based on the user defined density of st
The density of states mode is a perfect complement to the ou
of the FED sensor and the models presented here which can
vide a significant percentage of the important parameters requ
by the AMPS program. When used in conjunction with the out
of the FED sensor, the absorption model, and the multi-la
model described above, AMPS-1D can be used to predict the
erating characteristics of an a-Si:H p-i-n junction solar cell inclu
ing efficiency, fill factor, open circuit voltage, and short circu
current.

Figure 12 shows the results of running the AMPS-1D progr
using the data obtained from the models. The figure gives both
dark and light current-voltage curves for the p-i-n sample file a
the results obtained experimentally using the FED sensor. As
be seen, the area under the sample file Light IV curve is gre
indicating a greater expected power output from the cell descr
by the sample file. This may indicate that the junction tested
the FED sensor is not fully optimized. Table 1 shows the value
several important solar cell characteristics: short circuit curre
Jsc ; efficiency,h; fill factor, FF; and open circuit voltage,Voc .
Three sets of data are provided: the sample file, the junction te
with the FED sensor, and a typical range of values for the junc
tested@23#. The table shows that the results provided using
data from the FED sensor yield results that are in line with
pected values. While additional experiments are needed to
brate the sensor, the sensor output should allow optimizatio
the various layers during device fabrication.

Summary
When used in conjunction with the appropriate computer m

els, the FED sensor is capable of providing information about
various layers of a p-i-n junction a-Si:H solar cell in multilay
devices. Novel pump-probe experiments have been performe
the junction as each layer was added allowing the sensor to
used to determine the bandgap and the density of states o
material in each layer~and by inference, the amount of alloyin
136 Õ Vol. 127, FEBRUARY 2005
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and doping in the layers!. Experiments have been performed on
p-layer sample, a p-i multi-layer sample, and a complete p
junction sample.

In addition to the absorption model described previously
multi-layer model has been developed to allow distinction b
tween the various layers. This model uses input from the abs
tion model for each layer and experimental data to predict
pump-probe results for the entire junction.

AMPS-1D is a program for simulating the operation of micr
electronic and photonic devices. The bandgap and density
states results obtained with the FED sensor and the assoc
models can be used by AMPS-1D to predict the output charac
istics of the completed solar cell. It has been shown that the
sults obtained using the output of the FED sensor are consis
with those expected for an a-Si:H p-i-n junction solar cell.

Further studies are underway to independently verify the pr
erty measurements made using the FED sensor. The indepen
property measurements will be used as input into the theore
model and will help determine the capability limits and accura
of the sensor. Further pump-probe studies will be performed o
a wider operational range in order to improve our understand
of the materials, to verify the parameters used in the model, an

Fig. 12 Dark and light current—voltage curves calculated by
AMPS-1D for the AMPS-1D p-i-n sample file and the p-i-n junc-
tion tested with the FED sensor

Table 1 Solar Cell Property Values Calculated by AMPS-1D

Characteristic AMPS
sample file

FED
test junction

Typical
values@23#

Jsc (mA/cm2) 14.260 12.240 12–13
h ~%! 8.044 6.649 7.6–8.5
FF 0.635 0.610 0.72–0.75
Voc (V) 0.888 0.891 0.88–0.90
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help verify the theoretical model itself. Finally, the physical mod
will be improved to better represent the physics of these mate
and will be incorporated into an automated computer model.
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Nomenclature

c 5 speed of light
FF 5 fill factor
G0 5 number of incident photons
Jsc 5 short circuit current
mn 5 effective masses of electrons
mp 5 effective masses of holes
n* 5 index of refraction
Ne 5 number of electrons
Ni 5 number of absorbed photons in the i-layer
Nn 5 number of absorbed photons in the n-layer
Np 5 number of absorbed photons in the p-layer
Np 5 number of holes

Ntotal 5 total number of absorbed photons~sum of the num-
ber absorbed in each layer!

q 5 charge of a carrier
Voc 5 open circuit voltage

x 5 sample thickness
xi 5 i-layer thickness
xn 5 n-layer thickness
xp 5 p-layer thickness

Greek Symbols

a f c 5 free carrier absorptivity
a i 5 absorptivity of the i-layer material
an 5 absorptivity of the n-layer material
ap 5 absorptivity of the p-layer material
«0 5 permittivity of free space
l 5 wavelength of light

mn 5 mobility of electrons
mp 5 mobility of holes
h 5 efficiency
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