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1. Introduction

The efficiency of photovoltaic (PV) cells is usually reported for
only Standard Testing Conditions (STC), which implies 1000 W/m?
direct normal irradiance intensity, a spectral composition of Air
Mass 1.5 (AM 1.5) and temperature of 25 °C. In the indoor envi-
ronment, however, window glazing that acts as a spectrally selec-
tive filter and various emission spectra of artificial light sources
imply that the spectral composition diverges greatly from AM 1.5
and also irradiance intensity is generally orders of magnitude lower
than one sun. If a Product Integrated PV (PIPV) design implies
frequent indoor use, product designers therefore incur a chal-
lenging task when attempting to estimate PV efficiencies. Due to
the niche market character of PIPV, also no typical charge yields are
reported for the many different PV types that could theoretically be
incorporated into (electronic) products, which hampers PIPV
design processes considerably. In this study, we therefore derive
standard solar cell performance parameters (open circuit voltage,
short circuit current, fill factor and efficiency) for the broad irra-
diance intensity range of 0.1-1000 W/m?. Also it is shown how to
calculate spectral mismatch factors to account for indoor irradiance
spectra that differ considerably from the AM 1.5 reference case. The
presented methods and the particular results may aid product
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designers in selecting appropriate solar cells types for PIPV oper-
ated indoors and allow for more certainty in energy balance
predictions.

2. Theoretical background

The operational performance of solar cells is usually character-
ized by I-V characteristic measured under Standard Test Condi-
tions (AM 1.5, 1000 W/m?, 25 °C). Efficiency 7 is calculated by
measured voltage Vyp in [V] and current Iyp in [A] in the point of
maximum power (mp) of the current—voltage (IV) curve, which
with open circuit voltage Vo and short circuit current Is. also
defines the Fill Factor (FF) as FF = Viplmp/Voclsc.

Vimplmp ~ VocIscFF
APy, APy, B APj, [A] M

~ Pmax

where Pp,ax is the maximum power generated [W], A is the cell area
(usually [cm?]) and P;, the incident power of irradiance (for STC
100 mW/cm? if expressed per cm? or 1000 W/m? if expressed per
m?). See also Fig. 1, where typical values are shown for an arbitrarily
selected crystalline silicon (c-Si) PV cell.

Performance deviations due to differing temperatures are
usually reported together with STC data, by stated (negative)
coefficients dVy¢/dT and dFF/dT. Occasionally also a positive
temperature coefficient djsc/dTof short circuit current densities is
considered. However, current increase with temperature is much
lower than voltage decrease.
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Fig. 1. I-V characteristics of a 15 x 15 cm? crystalline silicon solar cell measured at STC.
Performance parameters are: Isc =8.115 A, Vo =0.6125V, FF=0.7111 and n=15.71%.

The PV conversion efficiency further depends considerably on
irradiance intensity. This dependency can be modeled with
performance data given under STC alone, if one assumes only
a single diode as the model-representation of a solar cell. To further
simplify the needed modeling here we also omit series- and shunt-
resistance effects at this point. Assuming zero series and infinite
shunt resistances results in the implicit relation of V,. and short
circuit current density Jsc to become:

Voc = Min(l+ 1)
Jsc :.’L

in which J; is the light induced photocurrent density [mA/cm?],
which is equal to the short circuit current density Jsc (for Jsc > > Jo)
and Jp is the saturation current density of the assumed single diode.
Further, k is Boltzmann's constant (1.38 x 10-23 J/K), g elementary
charge (1.602 x 10~'° C) and T temperature [K].

Note that on top of neglecting series and shunt resistance losses
the current—voltage characteristic is thereby oversimplified in
particular by assuming a single diode only. Usually, see the text-
book of Green [1] and references therein, the operation equation
needs to be written as:

(2)

v v '
1=IL*101(6X13'*}'TT*1>*Ion(eng?*O’R%h’ (3)
V' = V + IR

in which two diode saturation currents Ip; and Iy, for two diodes
with an ideality factor of 1 and n allow to account for recombina-
tion in the space charge regions(s) separately; V' is the voltage that
for simplicity includes series resistance Rge, and Rgp, represent shunt
resistance. Note that currents in absolute numbers (denoted by I)
and current densities (denoted by J) can be used interchangeably.
Current densities are usually preferred because they ease compar-
isons of current-characteristics for devices with differing surface
areas.

The use of the one diode equation is advantageous in that
a dependency of the fill factor with irradiance intensity can be
derived, which, subsequently, allows to model irradiance intensity
dependent efficiency with no further parameter input. Based upon
Eq. (2) in which the open circuit voltage is expressed analytically as
a function of intensity, as was first shown by Shockley and Queisser
[1], this approach was developed by Green [2], who empirically
showed that fill factor losses due to series resistance Rs can be
accounted for by

FF = FFp(1 —rs) (4)

where FFy is the fill factor at zero series resistance, and rs is the
normalized series resistance given as rs = Rs/Rcy. The characteristic
resistance Rcy is defined as Rcy = Voc/lsc, Which therefore can be
calculated directly from only data given under STC. The fill factor at
zero series resistance FFy is expressed as [1]:

_ Voc — lrl(l/oc + 072)
FRp — “oc et 2oS) (5)

where the normalized open circuit voltage vo. is defined as
Voc = VocgkT. Equations (4) and (5) are accurate for voe > 10 and
s < 0.4 [1]. Similarly, shunt resistance effects are estimated:

_ (voc +0.7) FFo

FF = FFo|1 ,
Voc Tsh

(6)
in which rsp = Rsn/Rcy is the normalized shunt resistance and the
equation is claimed to be valid for vo.>10 and rgy>2.5 [1].
The combined effect of series and shunt resistance can be repre-
sented by Eq. (6), if FFy is replaced by FF as given in Eq. (4). Using
Eqgs. (4)—(6) instead of the two diode approach (Eq. (3)) therefore
allows to instantly determine irradiance intensity dependent effi-
ciencies as a function of irradiance level G, e.g. Voc(G), Jsc(G), FF(G)
and 7(G). Notaly this approach cannot be taken for the two diode
model, because solving this equation analytically is impossible. The
only input requirement of the much simpler FF-approach, which is
based upon the one diode model, is a set of performance parame-
ters Voo, Jse, FF, and 7 at a certain irradiance level Gy, i.e., Vo(Go),
Jsc(Go), FF(Go), and n(Go). First, the normalized open circuit
voltage vo(Go) and characteristic resistance Rcy(Gp) are calculated.
Next, under the assumption that I;(G)=Is(G), the current ratio
I1(Go)/Io(Gop) at irradiance level Gy is calculated (Eq. (3)), followed by
FFo(Go) with Eq. (5). Finally, series resistance losses by Ry(Gg) are
taken into account, calculated using Eq. (6), and similarly the shunt
resistance effects.

On top of the irradiance intensity dependent efficiency also
spectral effects need to be considered, because light originating
from artificial light sources and also solar energy filtered by
window glazing has spectral compositions considerably different
from AM 1.5. To do so one needs to combine the Spectral Response
of the particular PV cell, denoted SR(1), with the spectral compo-
sition of irradiance, denoted E(A). For reasonable high values of
Jpn (i.e., Jsc> >Jo) the short circuit current density Jsc follows from
photocurrent density Jph:

Jsc =Jpn = /E(A)-SR(A)-dl [mA/cmz] (7)
2

with E(A) the spectral irradiance [Wm—2nm~!] and SR(}) the
Spectral Response of PV [A/W] at the corresponding wavelengths.
The SR(A) can also be calculated from the Quantum Efficiency QE(A):

_QE()q
~ hc

where c is the light velocity (2.9979 x 108 m/s) and h is the Planck
constant (6.626 x 10734]'s). The PV current output in the reference
case (here Jsc am 1.5) can then be compared to the combined spectral
composition of irradiance and PV Spectral Response for the specific
cell under specific light situations, i.e., a ‘mismatch factor’ (MMF) to
account for spectral effects that differs from the STC reference case:

SR(A)

(A/W] (8)

Jscamis % 9)

MMF = [
/ Enormalized (’1) : SR(A) -da
A
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with Epormalized(A) the normalized spectral irradiance intensity with
equal overall intensity to the reference case, here STC defined
1000 W/m?. The practical problem encountered here, however, is
that even for a given solar cell of specific type no ‘representative’
quantum efficiency exists, because QE(A) reflects solar cell quality
rather than that it was a device property to be derived (i.e., it
depends on the ability to manufacture efficient cells to achieve high
QE(1), albeit various wavelength regimes in the SR(A) can be
attributed to semiconductor bandgap). We therefore decided to
only demonstrate for known, measured SR(1) and QE(4) the
calculation of spectral mis-match factors (MMF) to account for
spectral effects. Here, mono- and multicrystalline silicon (c- and
mc-Si) and hydrogenated amorphous silicon (a-Si:H) measured as
described elsewhere [3] were used.

3. Results
3.1. Irradiance intensity dependent efficiency

We decided to model the irradiance intensity dependent effi-
ciencies for those cells that have reported record-efficiencies under
STC, as reported bi-annually in the Journal Progress in Photovol-
taics: Research and Applications [4], because product designers
tend to use this comprehensive overview of PV efficiencies per
technology in their design studies [5,6]. The cell characteristics and
corresponding efficiencies under STC for these cells are listed in
Table 1; irradiance intensity dependent efficiencies for each PV
material are shown in Fig. 2. The peak of maximum efficiency as
a function of irradiance intensity can be explained by appreciable
(apparent) series resistances. The current losses associated to
the series resistance decrease with the power of two, whereas
photocurrents are lowered linearly. The peak in conversion effi-
ciency occurs between 100 and 500 W/m? irradiance intensity for
the modeled cells. Regarding the parallel resistance losses,
however, we find the used FF-method to fail under low light levels.
The modeling requirement rg, > 2.5 is not fulfilled for values of
G lower than 10—100 W/m?. For all cell characteristics listed in
Table 1 negative FF result between 10 and 100 W/m? when
accounting for shunt resistance effects using Eq. (6), also when
assuming unreasonably high shunt resistances (not shown). For
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the (wrongly) modeled negative FF also negative efficiencies result,
showing this method is inappropriate and cannot be used at low
light levels. The performance drop towards weak light shown in
Fig. 2 will therefore be much more dramatic particularly for low
shunt resistances.

3.2. Spectral mismatch of indoor spectral irradiance compared to
AM 15

To calculate a spectral mismatch with respect to the STC
case (AM 1.5 spectrum) one needs to have knowledge on the
specific spectral irradiance under which the PV cells are oper-
ated at. We therefore arbitrarily selected RGB- and white-LEDs
(Light Emitting Diodes) emittance spectra [7], shown in Fig. 3.
The spectral irradiance of both light sources shown in Fig. 3
has been scaled such that with the photopic response curve
of the human eye [8] the intensity incident onto a surface is
1000 Lux. Note that although the spectral irradiance differs
considerably for the two LED types an illuminated area will
therefore be perceived as equally bright by the human eye
nonetheless.

For the given spectral irradiance one can then calculate a PV
current output, if the particular Spectral Response SR(1) for the
particular cell is known. For known SR(4) this calculation is
straightforward, as it only requires a simple multiplication of
wavelength resolved irradiance intensities with wavelength
resolved current outputs of the particular cell. For the selected cells
the Spectral Response SR(4) is shown in Fig. 4.

The PV output that results for the Spectral Response of the best
performing c-Si and a-Si:H cells (Fig. 4) and spectral irradiance data
(Fig. 3) at 1000 Lux are listed in Table 2. Conversion efficiency of
mc- and c-Si cells, under STC ~16—18%, decreases considerably to
as little as ~3—6% under the artificial LED light, whereas for the a-
Si:H cells the rather low ~8% STC efficiency increases to ~20%. The
increase in efficiency of a-Si:H under the 1000 Lux LED light is
related to two effects. For one, a relatively high voltage is sustained
by the a-Si:H cells towards weak light, which can be already
inferred from high efficiencies shown in Fig. 2. Furthermore, the
larger bandgap of a-Si:H compared to c-Si implies higher efficiency
for equal photocurrents generated within each cell type. Note that

Table 1
Solar cell parameters 7, Area, Vo, Jsc, and FF for best cell efficiencies as reported in Green et al. [4] as well as calculated values for Jo, FFo, 1s abd Rs.
Description n Area Voc ke FF Io FFo T's Rs
(%) (cm?) %) (mA/cm?) % (A) (Ohm cm?)
Silicon
Si (c) UNSW PERL 24.7 4.00 0.706 422 82.8 1.920 x 10~ 13 0.8477 0.02327 0.3893
Si (mc) FhG-ISE 203 1.002 0.664 37.7 80.9 2206 x 10713 0.8407 0.03768 0.6637
Si (tft) Uni Stuttgart 16.6 4.017 0.645 32.8 78.2 1.613 x 10712 0.8372 0.06599 1.2976
1-v
GaAs (c) Kopin, (AlGaAs window) 25.1 3.91 1.022 28.2 87.1 5.651 x10°1° 0.8848 0.01558 0.5647
GaAs (tf) Radboud U. 24.5 1.002 1.029 28.8 82.5 8.685 x 10~ 1° 0.8854 0.06821 2.4369
GaAs (mc) RTI, Ge substrate 18.2 4.011 0.994 23.0 79.7 1.407 x 1018 0.8823 0.09669 4.1787
InP (c) Spire, epitaxial 219 4.02 0.878 293 85.4 1.648 x 10716 0.8707 0.01914 0.5734
Thin film chalcogenide
CIGS (cl) NREL, glass 18.8 0.998 0.699 33.8 794 5.0385 x 10~ 14 0.8466 0.06213 1.2849
CIGS (sm) Uni Uppsala 16.6 16.0 2.643 8.35 75.1 8.855 x 10713 0.8401 0.10606 33.5712
CdTe (cl) NREL, glass 16.5 1.032 0.845 259 75.5 1353 x 10716 0.8669 0.12904 42101
Amorphous/nanocrystalline Si
Si (a) U. Neuchatel 9.5 1.070 0.859 17.5 63.0 5.493 x 10717 0.8685 0.27461 13.4796
Si (nc) Kaneka (2 pm on glass) 10.1 1.199 0.539 244 76.6 2225 x 101 0.8146 0.05967 1.3181
Photo-chemical
Dye (nc) Sharp 104 1.004 0.729 21.8 65.2 1.016 x 10~ 14 0.8513 0.23412 7.8290

Abbreviations are c: crystalline; mc: multicrystalline; tft: thin film transfer; tf: thin film; cl: cell; sm: submodule; a: amorphous; nc: nanocrystalline.
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Fig. 2. Calculated irradiance intensity dependent efficiency of various record efficiency solar cells listed in Progress in Photovoltaics: Research and Applications [4].

the selected mc- and c-Si cells have only a somewhat higher light
induced photocurrent compared to the a-Si:H cells under LED
lighting conditions of 1000 Lux. The ‘mis-match factors’ of photo-
currents under the spectral irradiance of LED light compared with
STC defined AM 1.5 can be calculated by the listed short circuit
currents and the overall intensity of the LED light, which is
416 W/m? for the RGB- and 3.71 W/m? for the white-LED light.
For the a-Si:H cells a MMF of ~2.1, for mc-Si ~0.82 and c-Si
~0.9 results.

More generally it is worthwhile to realize that under very low
light levels of e.g. 1000 Lux only very little charge can be generated
by PV due to the low energy density of light ‘as such’. Even a-
Si:H cells, which have a rather high useful voltage output of about

0.6 V under this very low intensity, cannot deliver more than
~60 ptW/cm? as a power output at 1000 Lux. It can be inferred from
various lighting guidelines that the case of 1000 Lux already
represents brightly illuminated conditions and that ‘minimum’
illumination for e.g. corridors is often referred to as ~100 Lux,
which would effectively down-scale the power output of these a-
Si:H cells to as little as ~6 pW/cm?. As an example on how little
this is, one may assume a standard AA rechargeable battery of
~2 Wh capacity. To fully charge this battery within 8 h under 100
Lux illumination, assuming no further losses (e.g. related to power
electronics of battery under- and over-charge protection, battery
efficiency and deviations in IV-operating points from the maximum
power point) the a-Si:H cell area would need to be even larger than
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~4 m?. Clearly, such PV areas cannot be accommodated into elec-
tronic consumer appliances.

4. Discussion

We used Fill Factor (FF) expressions to model irradiance inten-
sity dependent efficiency of various PV types. Assuming that the
short circuit current is linearly dependent on irradiance intensity G
(thus assuming: I(G)=aG) allows to calculate the whole set
of parameters Voc(G), Reu(G), 15(G), Vo G), FFo(G), FF(G) and 1(G) as a
function of irradiance intensity (G), using STC parameter sets alone.
However, we find this ‘FF-method’ to fail below 10—100 W/m?
irradiance intensity, as the FF model requirement rs, > 2.5 is no
longer fulfilled and modeled FF and efficiencies even become
negative when accounting for shunt resistance losses. The perfor-
mance drop caused by low shunt resistances will therefore be much
more dramatic toward low irradiance intensities (<100 W/m?)
than the FF model based results (shown in Fig. 2). These irradiance
intensity dependent efficiencies, calculated for record efficiency
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solar cells, nonetheless give a good indication on efficiency ranges
one may consider as the upper limit for given STC cell properties,
because the different orders of magnitudes of diode saturation
currents and thereto related voltage decrease toward weak light is
accurately accounted for. A further decrease owed to (low) shunt
resistances, however, needs to be taken into account, particularly if
shunts have appreciable current drain close to corresponding
voltages at weak light. Future research is needed here to ascertain
attainable efficiencies of PV under low light situations for ‘real-
world’ PV devices. Although a previous study already addressed
measured low light performance of various PV types here, unfor-
tunately no diode model parameter sets and in particular no shunt
resistances were presented [9]. Measuring PV devices under low
light, however, is not always possible or desired, as it not only can
take a considerable effort to obtain cell samples from various
technologies but also the measurement of PV weak light perfor-
mance is not standard and quite cumbersome [9]. Here, the pre-
sented FF-modeling approach may aid product designers in (pre-)
selecting appropriate PV types. In particular cells of type a-Si:H are
of interest here, due to their good match of Spectral Response with
(energy saving) artificial light. Here, we demonstrated how to
calculate a light induced photocurrent based upon Spectral
Response of PV and spectral irradiance of incident light, by a simple
wavelength resolved multiplication. One may argue, however, that
the spectral response is usually measured under a bias light
intensity that is much higher than e.g. 1000 Lux used here, and that
the electric field in a-Si:H cells depends on both the spectral
composition and irradiance intensity. This may imply that a simply
multiplication would yield wrong results. Related research and the
operating principle of a-Si:H cells, however, shows that these
concerns should not cause large deviations. For one, in a-Si:H cells
there exists an electric field in the entire intrinsic layer, which
implies charge carriers are collected by drift rather than diffusion.
Due to the very low diffusion length of free charge carriers within a-
Si:H cells this is actually a required device property. More detailed
descriptions on operating principles can be found in literature,
concerning a-Si:H cells as presented by Crandall [10] and for a-Si:H
and a-SiGe cells [11] and more recently for CdTe and CdS [12] by
Hegedus. Here, Hegedus showed in particular that the flatband
voltage (Vp) depends on illumination intensity and spectrum,
hence Vg, limits Vi rather than Jy such as in ‘typical’ solar cells.
The relative deviation of 4% in modeled V, due to changing bias
light as reported by Hegedus, however, is related to a saturation of
the photocurrent. As such a saturation of the photocurrent occurs
towards higher intensities it is of no relevance for the case of
weak light.
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Fig. 4. Measured spectral response of (a) various mono- and multicrystaline silicon cells and (b) hydrogenated amorphorous silicon cells (a-Si:H), see [3].
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Table 2

Solar cell performance parameters under STC and artificial lighting conditions (at 1000 Lux illumination for 4.16 W/m? RGB- and 3.71 W/m? white-LED light).

Jse [MA & mAcm—2] Voc [V] FF[-] Efficiency

LED1 pA LED2 pA STC mA LED1 LED2 STC LED1 LED2 STC LED 1/2 STC
a-Si:H 118 113 13.5 0.67 0.67 0.82 0.68 0.68 0.7 ~19-21 7.7
c-Si 138 94 ~37 0.4 0.4 ~0.7 0.35 0.35 ~0.8 53-5.6 18.2
mc-Si 119 86 ~35 0.3 0.3 ~0.6 0.35 0.35 ~0.8 3.6-3.7 16.8

5. Conclusions

We used Fill Factor (FF) expressions to model irradiance inten-
sity dependent efficiency of various PV types and presented how to
calculate PV power output with spectrally resolved irradiance and
PV performance data. Here, we show in particular that a-Si:H cells
with only ~ 8% efficiency under Standard Testing Conditions (STC)
show up to ~20% efficiency under energy efficient lighting, which
is contrary to mc- and c-Si cells, which show very large efficiency
under STC of ~16—18% but only ~3—6% under energy efficient LED
lighting. The presented methods and particular results will aid
product designers in selecting appropriate solar cells for Product
Integrated PV (PIPV) operated indoors and allow for more certainty
in energy balance estimations of PIPV design concepts.
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