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Abstract: Solar cell thermal recovery has recently attracted more and more attention as a viable
solution to increase photovoltaic efficiency. However the convenience of the implementation of such
a strategy is bound to the precise evaluation of the recoverable thermal power, and to a proper
definition of the losses occurring within the solar device. In this work we establish a framework in
which all solar cell losses are defined and described. Aim is to determine the components of the
thermal fraction. We therefore describe an experimental method to precisely compute these
components from the measurement of the external quantum efficiency, the current-voltage
characteristics, and the reflectivity of the solar cell. Applying this method to three different types of
devices (bulk, thin film, and multi-junction) we could exploit the relationships among losses for the
main three generations of PV cells available nowadays. In addition, since the model is explicitly
wavelength-dependent, we could show how thermal losses in all cells occur over the whole solar
spectrum, and not only in the infrared region. This demonstrates that profitable thermal harvesting
technologies should enable heat recovery over the whole solar spectral range.

1 Introduction

Photovoltaic (PV) technologies play a dominant role in electric power generation using renewable
resources, with PV market expansion and PV conversion efficiency improvements sustaining each
other [1]. Enhancements of the solar conversion efficiency are therefore highly desirable to promote
further diffusion of solar converters [2]. A possible way to improve solar energy conversion comes
from technologies combining PV devices with systems able to recover the heat unavoidably produced
within solar cells. Co-generation of warm water or the use of thermoelectric generators (TEGs)
provide typical examples [3—8]. In all cases, the profitability of hybrid solar harvesters is limited by the
requirement of keeping PV cells at the lowest possible temperature, as their efficiency decreases with
temperature at a rate depending on the specific PV material. This is a very well-known hurdle in the
making of effective hybrid solar cells, as reported in previous papers by the present authors [9] and by
other groups [10]. Reusing heat (to warm up air/water or to further convert it into electricity) may be
then from completely counterproductive to quite profitable depending on the PV cell.



Power loss analysis of PV systems is a florid and popular field. Especially regarding silicon
solar cells, literature is plenty of methods and tools to evaluate and predict the origin of losses
[11-14]. Smaller number of studies focused instead their attention on thermal losses, especially
regarding their experimental evaluation [15,16].

This paper aims at providing a practical, experimental tool to enabling a detailed evaluation of
the thermal power fraction (hereafter ¢&,) available in solar cells. The method aims at providing a
practical, experimental tool to assess the convenience of hybridization in various types of PV cells.
With no need to refer to any specific use of the heat released by the PV cell, it will be shown that such
a heat originates from the whole solar spectrum through the many mechanisms responsible for
thermal losses occurring in the PV conversion process. This point is of utmost relevance, and may
provide suitable guidance to strategies based on the solar—split approach and, more in general, to
hybridization schemes using optical (radiative) coupling between the PV and the thermal stage of the
harvester.

The experimental method just requires measurements of the external quantum efficiency
(EQE), of the current—voltage (IV) characteristics, and of the reflectivity of the solar cell. Data are then
elaborated in the framework of a model returning &, along with an evaluation of other
(non-recoverable) losses.

The method is validated on three types of solar cells, covering the current range of available
PV technologies: a commercial silicon-based bulk solar cell, a lab-made thin-film solar cell made of
Copper Indium Gallium Selenide (CIGS), and a commercial triple-junction solar cell (by Spectrolab).

2 Theoretical framework
In a solar cell the unconverted fraction (¢,,ss) of the incoming solar power is the complement to one
of the power conversion efficiency 7,,, which is defined as the ratio between the output power P
and of the input solar power GAgps
Pl
(l)losszl_npvzl_?a]M (1)

with G the solar irradiance, and A,,s the cell area. The power loss fraction is the sum of different

kinds of losses.
We can sort them in four main classes:
optical losses (L), namely reflection losses (L;gr), transmission losses (L), contact grid shadowing
(L1sp), and absorptions which cannot generate charge carriers (L1aps)
source-absorber mismatech losses (L), due to the under-gap portion of the solar spectrum (L,,),
and carrier thermalization (L,p,) accounting for the voltage drop to the conduction band edge
electron-hole recombination current losses (L3), which can be either radiative (L3,q) Or
non-radiative (L3nraq—j), OF due to electrical shunts Lsgp
electron-hole recombination voltage losses (L,), which accounts for the voltage loss associated to
the L; class
Actually every L loss has a voltage drop counterpart (cf. Appendix A for further details).

These voltage drops are the reason why solar cells exhibit voltages smaller than Eg/q, and their sum
actually accounts for the difference between Ez/q and voltage at maximum power V.

All the losses listed above contribute to set the cell conversion ratio:
_ 4 —
Npv = 1- i=1 Li =1- ¢loss (2)



A pictorial view of the loss mechanisms is reported in Fig. 1, where thermal losses are encircled in
solid red square.

Note that not all losses are converted into heat within the device. Therefore, the usable
thermal fraction &, is smaller than ¢),s. Specifically, Lig and Lt are portions of the solar
spectrum which are totally not absorbed, and thus do not contribute to &,. In addition the contact
grid can either absorb or reflect light, thus a portion of L;g, can contribute to &,, while the
remaining should be added to L;r. Considering the small contribution of the grid shadowing on the
total device area, in this work we will make the assumption that all the light hitting the contacts will
contributes to set the total reflection Lig_tot (EQ. 3).

Regarding radiative recombination (Ls3.,q) the photon generated by the recombination
process either leaves the system or are re-absorbed, and eventually generate a electron-hole pair that
is involved in a heat generation process. In this work we will consider all the photons generated by
radiative recombination as emitted by the device and not re-absorbed. Thus Lj;.,q will contribute to
the light reflected back by the device, setting Lir_tor (EQ. 3).

Considering photon recycling negligible can be a source of error in evaluating thermal losses
especially in the case of stacked multi-junction solar cells [17-19]. However in this work we will show
that radiative recombination accounts for a very small fraction of the whole loss (1-3%) showing how
this assumption leads to marginal inaccuracies only. In addition this approximation can be easily
relaxed following Dupré et al. [16] considering a ratio for any of the recycling mechanisms that the
emitted photon could encounter (leaving the cell, being absorbed by a process generating heat, or
being absorbed by a process generating carriers). The problem with this approach is however to
determine exact values for these ratios.

As of L,,, instead, since it cannot be absorbed by the absorber layer it is generally lost by
three mechanisms. It may be reflected (and thus contributes to L;g), or it is transmitted through the
solar cell without interacting with it (and thus contributes to L;t), or it is absorbed by other cell
layers (e.g. the window layers or the back contact) or by defects and traps, thus contributing to L;,ps-
Hereafter we will refer to these three mechanisms respectively as L,;_r, La—t and L,_aps. Thus,
the total reflection and absorption losses can be written as

Lir—tot = L1r + Lish + L3raa + L2a-r (3)
while
Labs—tot = L1abs + L2a-abs (4)
Thus the usable thermal power fraction reads
$u = Laps—tot + Lap + Lagh + L3Nrad—] + L, (5)
or, alternatively,
Su=1- (77pv + Lir—tot + LiT + Loa_t) (6)

In the following we will show how to quantify terms in Eq. 5, and the other losses as well, from the
spectral analysis of the EQE, the reflectivity R, and the /V characteristics of the device.

2.1 Quantum Efficiency
In the field of photovoltaics the EQE is defined as the ratio between the number of photons reaching
the PV device and the number of electrons contributing to the output electrical current produced by
the device. Experimentally, EQE can be obtained as

ou A
EQE(L) = ’Iph% (7)

where [,,:(4) is the device output current generated by a monochromatic radiation of wavelength



A,and I,p(4) is the current that the device would produce if all the incoming photons contributed to
the device current. Knowing the spectral dependency of the incident solar power, I,,(4) can be
written as

_ qAapsG(A)
(1) = Habso® ®)

where —q is the electron charge, G(4) is the spectral solar power density, h is the Planck
constant, and c is the speed of light.
The internal quantum efficiency IQE(A) is instead the quantum efficiency without considering
reflection losses , and can be written as
EQE(})

IQE(A) = (1-R(A)(1-T (1)) ©)
where R(A) and T(A) are respectively the spectral device reflectivity and transmittance. In this
work we consider only solar cells with opaque back contacts so that hereafter we will take T(4) = 0.
However, the method may be easily extended to transparent back contacts (as often found in organic
solar cells) by adding a measurement of T (1) to the characterization.
Using Egs. 7 and Eq. 9 (with T (A1) = 0) one immediately obtains

_ Tout(D) 1 _ Tout@)
IQE(A) - Iph(D) (1-R(A)) B Igen(1) 1o

where Igo, (1) is the current that would be generated by the device if all photons actually entering
the PV cell (thus those photons which are not reflected) will contribute to the device current.
Using Egs. 8, and 10 an explicit expression for [;., (1) is obtained:

_ 4G(M)Agps(1-R(A))
Igen(A) - hcs//l (11)
Finally, using Eg. 11 one can define the fraction of solar power actually entering the solar cell as
Ggen(4) = G(A)(1 — R(A)) (12)

2.2 Determination of Losses
For the sake of clarity, it is useful to summarize the main assumptions made in the model.
1. The model neglects the photons that could be absorbed by the metallic contact grid and
contribute to &, assuming that all photons hitting the contacts are reflected.
2. The model neglects photon recycling for radiative recombination, considering all these
photons as emitted.
3. The model takes into account only solar cells with opaque back contact, namely T(1) =0,
and thus Ly = Ly, = 0.
Losses may be now related to measurable quantities.

Since R(A) is defined as the whole device spectral reflectivity (thus accounting also for the
contributions from Lig,, Lya—r, and Lsp.q) its relationship with the (integral) loss Lig_tor iS

immediate, namely

G(MHR(1)dA
Lir—tot = L1r + Lish + L3rag + Laa—r = ffcw (13)

In addition the spectral dependency of Lig_tot is simply given by
Lir-tot(4) x R(4) (14)
Likely conversions of spectral into integral quantities (and viceversa) may be carried out for all
losses and wavelength-dependent parameters.



Thus, using Eq. 13 for Lqg_tot, and Eq. 12 for Ggen(4) one can actually calculate all remaining
losses as follows.

The under-gap fraction L,, which contributesto L,ps_totr reads
Loacabs (1) = 2L H @ = Ag) (15)
where H(z) is the Heaviside step function
H(z) = {1 for z> 0,0 otherwise} (16)
and Ag = hc/Eg, with E, the energy gap of the absorber material. This is clearly an approximation.
Actually, the absorbance of a semiconductor, especially for indirect energy gaps, is not a step
function. This leads to an underestimation of the thermal components coming from losses that
involve the part of the solar spectrum with energy higher than the absorber material E; (namely
Lo, Lanrad-j, Lash, and Ly), and an overestimation of L,,, that depends upon the absorption of
photons with energy lower than Ej.
The carrier thermalization fraction L}, accounting for the electron-hole relaxation to the

band edge, is instead

Gaen (DIQE(R) (2
Lop(2) == ) (Tg_

1) H(Ag — 1) (17)
A likely equation is valid for the sum of all the L, losses accounting for the relaxation
between the band edge and the energy corresponding to the voltage at maximum power V,, at

which the solar cell is supposed to work:

Ggen(MIQE(A) qVm
L4(A) = Lacarnot *+ Lavolez + Lanrad—v + Las = gT (1 - E_gp) H(/lg -1 (18)

In Appendix A we show how to split the non-spectral contributions of every L, component.

The remaining losses can be only cumulatively estimated. Therefore we conveniently group

them under the generic name of thermal losses Liyerm, COMputable as

G en(/l)[l_IQE(l)]
Ltherm(/l) = L3Nrad—](A) + Llabs (A) + L3Sh(/1) =-£ G (19)

Using Eq. 4 and 5, along with Eqgs. 17—-19 one can determine the thermal fraction as a function
of the wavelength (or in its integral form) by

Su(d) = Laa—abs(A) + Lap(A) + La(A) + Linerm(4) (20)

For the sake of clarity we want to point out that since EQE measurements were performed at
short-circuit (SC) conditions, instead of at maximum power point (MPP), our results are effected by a
small underestimation of Liyerm in favour of L,y and L, losses. This is due to the well known
effect of carrier lifetime dependence on injection, for which EQE values change at different applied
bias [20]. In this framework it worth to clarify that L; losses defined in Sect. 2, in our model are
essentially seen as short-circuit current losses.

However since Liperm, L2p, and L, contribute to the overall thermal power, their sum does
not change. Thus the evaluation of &, is essentially correct.

A check of the impact of the approximations introduced in the model is achievable by
computing Lip.q-



Actually, considering that radiative recombination is basically the reverse of the optical
absorption process, one may estimate the rate of the latter event, obtaining [8]

ev
Reaa = Ry [exp () = 1 (21)
where V is the external voltage, kg the Boltzmann constant, T the device temperature and
2w E%dE
RRO T c2p3 ng exp[E/kgT]-1 (22)

In this work we will consider solar cells working at room temperature (300 K), but R.,4 can
be found at any temperature using Eq. 21. The radiative recombination rate R.,q4 sets in turn the
recombination current I.,4. This leads to express Ls.,q as

L3rag = ?Ld = quIadAabs (23)
gen gen
that, in view of Egs. 11 and 12, becomes
_ hCRrad

3 Materials and experimental

In this work the losses of three different types of solar cells were evaluated. The first solar
cell was a commercial, single-junction, bulk solar cell made of multicrystalline silicon (hereafter Si
cell). The second solar cell was a lab-made single-junction thin film CIGS solar cell (hereafter CIGS cell).
This cell was manufactured following a well-established procedure reported in a previous work
[22].Both cells were measured using the same procedure and the same experimental setup. A
SpeQuest Lot-Oriel quantum efficiency system was used to measure EQEs. Spectral response curves
of PV devices were measured from 350 nm to 1800 nm with a 10 nm wavelength increment.
Current-voltage (/V) characteristics were recorded under 1 Sun (100 mW/cm 2) illumination in Air
Mass 1.5G conditions as generated by a Thermo Oriel Solar simulator. Finally, R(1) was measured
using a Jasco V-570 spectrometer equipped with an integrating sphere with a diameter of 60 mm
between 250 and 2500 nm.

The last solar cell was instead a commercial triple-junction GalnP/GalnAs/Ge solar cell
(hereafter TJ cell) developed by Spectrolab, and the data needed for loss evaluation were found in
literature [21].

Figure 2 reports EQE(A) and R(A) data for Si, and CIGS cell, along with the data available
for the TJ cell. Table 1 shows instead the efficiencies and the voltage at maximum power (obtained
from I-V characteristics) along with the E; values obtained from EQE measurements following a
method reported in a previous publication [23].

A summary of the losses defined, and the related measurable quantities is reported in Tab. 2.
The procedure to access all loss terms is instead summarized for reader’s convenience as follows:

1. Inputting R(A) into Eq. 12 and making use of standard G (1) data one computes
Ggen (1)

Lir_tot, is computed from Eq. 13.

Loa_aps is then obtained from Eq. 15.

L,y follows from Eq. 17.

L, is computed from Eq. 18.

vk wnN



6. Linerm is found from Eq. 19.
7. The last contribution, namely Ls..4, is calculated from Eq. 24.

4 Results and Discussion

Figure 3 a and Table 3 report the losses computed for the three solar cells. As expected, the
total loss is higher for single-junction (CIGS and Si) solar cells. The sum of the total losses and of the
cell efficiencies returns =100% for all devices, with a maximum deviation of + 1%. This result
validates the model and the suitability of the approximations it relies upon as well.

Figure 3 a also clarifies that L,,_,ps and Liperm are mostly responsible for the loss
differences among cells. Specifically, while the under-gap absorption loss L,,_.ps is almost negligible
in TJ, in single-junction cells it is significant. This loss is found to be higher for CIGS because of its
larger energy gap, and because of the presence of many layers on top of CIGS (buffer and finalization
layers) [22] causing larger absorptions compared to the Si cell. The optimization of layers thickness
is known to be a crucial matter in order to achieve optimized performances, especially in thin film
technologies [24,25].

Material quality rules instead Linerm Which accounts for non-radiative recombination
(L3nraq), absorptions not generating carriers (Lqaps), and electrical shunts (Lsg,) — all due to the
presence of defects. Thus, the higher Liyerm for CIGS is not surprising, and it actually witnesses the
larger defectivity of the material. Silicon and TJ solar cells are instead almost comparable, as the
material quality is.

No relevant differences for the upper-gap losses, namely L,, and L, are found in the three
types of solar cells (we will highlight in Fig. 4 a the differences about L, components for the three
solar cells analysed). For single-junction cells, CIGS shows the smallest losses, once again because of
its higher Eg. This is in line with what reported in previous works [8]. Interestingly enough, in the case
of the TJ solar cell we found L,,, and L, values very close to that of single-junction solar cells, as
the addition of junctions cannot reduce these types of losses. This is consistent with previous
evidence [26] in the framework of the Shockley—Queisser limit [27].

Radiative loss Ls.,q provides a marginal contribution, as expected. However it is interesting
to note that it is larger for the TJ solar cell, as anticipated by Hirst et al. [26] who correlated such an
increase to the number of junctions. The last contribution Lig_to,t mostly depends on the top layer
roughness and on the anti-reflective coating used in the cell, so that it cannot be correlated to the
absorber characteristics.

In summary, one may conclude that:

1. the material and device quality impact mainly on Lierm;

2. Forsingle-junction solar cells the energy gap set the balance between L,,_.ps (that
increases with Eg) and Ly, (larger for smaller Ej);

3. Multi-junction solar cells are very effective at limiting L,,_.,s but cannot avoid
most of the L,, and L, contributions.

Since all the losses were computed as a function of the wavelength, one may consider their
spectral dependence on the wavelength (Fig. 3 b). The reported case (Si cell) is representative of the
trends observed also in the other cells. Figure 3 b reports the spectral dependency of the losses
calculated for the Si cell, while Fig. 3 c shows their cumulative spectral dependency, with respect to



the solar spectrum.

Concerning the thermal power loss, a plot of &, vs. the cell efficiency npy (Fig. 4 a) shows
that &, parallels 1 —n,,, rescaled by ~ 10 — 15%. The downshift depends on Lig_¢o: (cf. Eq.
6). Fig. 4 a shows also the L, components (see Appendix A). It is interesting to note how the total L,
loss, which is almost equal for all the cells, actually results from different combination of its
components. In fact it can be seen how the higher radiative recombination in the TJ solar cell leads to
a higher Lycarnot, and Loz contributions, which compensate the smaller (Lynrag—v + Las)
component. For CIGS and Si solar cells instead L, is basically equally split between (Lscarnot +
Lapoltz) and (Lynrad-v + Las)-

From the spectral dependency of &, showed in Fig. 4 b, it is possible to see how the thermal
fraction is quite equally distributed over the whole solar spectrum, and it is not peaked in the infrared
region. Therefore, whichever strategy is used to recover &, it should be conceived so as to collect
the widest spectral range. This leads to two rather important conclusions regarding spectrum
splitting-based thermal recovery strategies, which are normally devoted to the harvesting of the
infrared part of the solar spectrum [28-30]. First, the use of such solutions in conjunction with
multiple-junction cells may not be effective enough to justify the additional costs and complexity of
the overall converter, as the harvester and the multi-junction policies compete to each other in the
conversion of the long-wavelength part of the solar spectrum. Second, they are necessarily
sub-optimal, as the thermal power output is spread over the whole solar spectrum. Therefore,
thermal harvesters should operate collecting heat at all wavelengths, covering also the
short-wavelength region where heat resulting from carrier thermalization is larger.

It is worth stressing that these conclusions are limited to solar cells operating at room
temperature. Clearly enough, at higher temperature the solar cell efficiency is expected to decrease
[31] because of the increase of some losses. In particular, since the temperature sensitivity of solar
cells is mainly due to a higher recombination ratio, Ls,qq and Lgy.qq—; are expected to increase
significantly, impacting consequently on Lycarnots Laboitz, aNd Lanraa—y l0sses [16]. A minor effect
is instead expected on L,,, and L, losses, respectively due to the slight change of the energy gap
of the absorber material, and to the associated small variation of the current flowing within the
device.

5 Conclusions
In this work we have reported a method to refine the evaluation of the usable thermal
power released by solar cells. The method is based on a novel approach to the analysis of EQE, /V, and
reflectance measurements. It has been shown to be applicable to any kind of PV devices, and it is
therefore very useful for a detailed evaluation of the thermal-recovery potential of a given solar cell.

Its application to three different kinds of solar cells (bulk, thin film, and multi-junction cell) has
shown that the material and device quality mostly set the thermal losses Liyerm- AlSO, it proved that
in single-junction solar cells the energy gap modulates the balance between L,,_.,s and L,p. It was
also shown that multi-junction cells are very effective at minimizing the L,,_,ps term, although they
cannot significantly reduce L,, and L, losses.

Finally, the study of the spectral dependency of all terms has shown how thermal losses are
uniformly distributed over the whole solar spectrum, not only in the infrared region. This sets
important constrains to viable thermal recovery strategies implementable when hybridizing PV
systems.
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Appendix A - Computation of L, components
In this section we show how to split the L, components. As mentioned in Sect. 2, L, losses
are voltage drops associated to L; losses. Actually current losses L; impact the
generation-recombination balance, reducing the voltage that the device can generate, and are the
reason why solar cells exhibit voltages smaller than Eg/q. The sum of these voltage losses actually
accounts for the difference between Eg/q and voltage at maximum power V.
Previous studies [15,26,32—34] showed how the sum of two of such losses corresponds to the
radiative recombination Lj;.,q. The first is called Carnot loss (L4carnot) With a corresponding voltage

drop firstly derived by Landsberg and Badescu [35]:
BT (7.1)

qTs

with T. the cell temperature, and T the temperature of the Sun. This loss takes into account only
radiative emission in the solid angle within which the device absorbs the solar spectrum. The second
is instead the so-called Boltzmann voltage loss (Lspeiz) Which takes into account the difference
between the solid angle within which the solar cell absorbs the solar power, and the solid angle within
which it emits. The voltage drop associated can be calculated as

kpTc Qemi
AVibortz = BTln (Kb:) (7.2)

where kg is the Boltzmann constant and Qgpnir and Q,,s respectively the emission and
absorption solid angles.
We then define with L,nrag—v, and L,s the voltage drops corresponding to non-radiative
recombination, and to electrical shunts.
The total voltage drop due to L, (hereafter AV,)is therefore equal to

E,
AV, = ;g - Vmp = AVycarnot T AVapoltz + AVanrad—v + AVis (7.3)

While V,, is known from the solar cell current-voltage characteristic, and the Carnot and
Boltzmann contributions are known from Egs. 7.1 and 7.2, one can obtain the sum of the two
unknown voltage drops as

E,
AVinrad-v + AV, = ;g - Vmp — AVycarnot = AVaboltz (7.4)

Finally knowing from Eq. 18 the total L4, and from Eqgs. 7.1, 7.2, and 7.4, the ratio between the
different components, one can sort out the loss components Ljcarnots Laboitz, aNd (Lanrad—v + Las)-
It is worth to point out that AV, can also be extracted by the determination of the solar cell
series resistance as

AV4carn0t ~

AVys = Rl (7.5)
where R is the series resistance which can be obtained from the solar cell IV characteristic by
several methods [36], and I, the solar cell current at maximum power.
Note that the method does not allow to obtain the spectral dependency of the L,
components.



[1]
[2]
[3]
[4]

[5]

[6]
[7]
[8]
[9]
[10]
[11]

[12]

[13]
[14]
[15]
[16]

[17]

[18]

[19]

[20]

References

IEA-PVS. SNAPSHOT OF GLOBAL PHOTOVOLTAIC MARKETS - Report IEA PVPS
T1-29:2016. 2015.

Polman A, Knight M, Garnett EC, Ehrler B, Sinke WC. Photovoltaic materials: Present
efficiencies and future challenges. Science (80- ) 2016;352.

Yazawa K, Shakouri A. Cost-Efficiency Trade-off and the Design of Thermoelectric Power
Generators. Environ Sci Technol 2011;45:7548-53.

Tyagi V V., Kaushik SC, Tyagi SK. Advancement in solar photovoltaic/thermal (PV/T) hybrid
collector technology. Renew Sustain Energy Rev 2012;16:1383-98.
doi:10.1016/j.rser.2011.12.013.

Wang N, Han L, He H, Park N-H, Koumoto K. A novel high-performance
photovoltaic—thermoelectric ~ hybrid  device.  Energy  Environ  Sci  2011;4:3676.
doi:10.1039/c1ee01646f.

Park K-T, Shin S-M, Tazebay AS, Um H-D, Jung J-Y, Jee S-W, et al. Lossless hybridization
between photovoltaic and thermoelectric devices. Sci Rep 2013;3:422—7.

Hsueh T-J, Shieh J-M, Yeh Y-M. Hybrid Cd-free CIGS solar cell/TEG device with ZnO
nanowires. Prog Photovoltaics Res Appl 2015;23:507-12.

Lorenzi B, Acciarri M, Narducci D. Conditions for beneficial coupling of thermoelectric and
photovoltaic devices. J Mater Res 2015;30:2663-9. doi:10.1557/jmr.2015.174.

Narducci D, Lorenzi B. Challenges and perspectives in tandem thermoelectric-photovoltaic solar
energy conversion. IEEE Trans Nanotechnol 2016;15. doi:10.1109/TNANO.2016.2524680.
Chow TT. A review on photovoltaic/thermal hybrid solar technology. Appl Energy
2010;87:422—7.

Aberle AG, Zhang W, Hoex B. Advanced loss analysis method for silicon wafer solar cells.
Energy Procedia 2011;8:244-9. doi:10.1016/j.egypro.2011.06.131.

Greulich J, Rein S. Numerical power balance and free energy loss analysis for solar cells
including optical , thermodynamic , and electrical aspects. J Appl Phys 2013;114:204504.
doi:10.1063/1.4832777.

Wong J, Duttagupta S, Stangl R, Hoex B, Aberle AG. A Systematic Loss Analysis Method for
Rear-Passivated Silicon Solar Cells. IEEE J Photovoltaics 2015;5:619-26.

Wasmer S, Horst A Van Der, Saint-cast P, Greulich J. Modeling-Free Efficiency Gain Analysis
of Passivated Emitter and Rear Silicon Solar Cells. IEEE J Photovoltaics 2018;8:689—96.

Dupré O, Vaillon R, Green MA. Physics of the temperature coefficients of solar cells. Sol
Energy Mater Sol Cells 2015;140:92-100. doi:http://dx.doi.org/10.1016/j.solmat.2015.03.025.
Dupré O, Vaillon R, Green MA. A full thermal model for photovoltaic devices. Sol Energy
2016;140:73-82. doi:10.1016/j.solener.2016.10.033.

Steiner MA, Geisz JF, Scott Ward J, Garcia I, Friedman DJ, King RR, et al. Optically Enhanced
Photon Recycling in Mechanically Stacked Multijunction Solar Cells. IEEE J Photovoltaics
2016;6:358-65. doi:10.1109/JPHOTOV.2015.2494690.

Sheng X, Yun MH, Zhang C, Al-Okaily AM, Masouraki M, Shen L, et al. Device Architectures
for Enhanced Photon Recycling in Thin-Film Multijunction Solar Cells. Adv Energy Mater
2015;5:1400919. doi:10.1002/aenm.201400919.

Tex DM, Imaizumi M, Akiyama H, Kanemitsu Y. Internal luminescence efficiencies in
InGaP/GaAs/Ge triple-junction solar cells evaluated from photoluminescence through optical
coupling between subcells. Sci Rep 2016;6:38297. doi:10.1038/srep38297.

Hibberd CJ, Plyta F, Monokroussos C, Bliss M, Betts TR, Gottschalg R. Voltage-dependent



[21]

[22]

[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]

[33]

[34]
[35]

[36]

quantum efficiency measurements of amorphous silicon multi-junction mini-modules. Sol
Energy Mater Sol Cells 2011;95:123-6. doi:10.1016/J.SOLMAT.2010.03.039.

King RR, Fetzer C, Chiu P, Rehder E, Edmondson K, Karam N. Group-IV subcells in
multijunction concentrator solar cells. ECS Trans.,, vol. 50, 2012, p. 287-95.
doi:10.1149/05009.0287ecst.

Acciarri M, Binetti S, Le Donne A, Lorenzi B, Caccamo L, Miglio L, et al. Development of a
hybrid sputtering/evaporation process for Cu(In,Ga)Se2 thin film solar cells. Cryst Res Technol
2011;46:871-6. doi:10.1002/crat.201000670.

Marchionna S, Garattini P, Le Donne A, Acciarri M, Tombolato S, Binetti S. Cu2ZnSnS4 solar
cells grown by sulphurisation of sputtered metal precursors. Thin Solid Films 2013;542:114-8.
doi:10.1016/j.tsf.2013.06.084.

Yasar S, Kahraman S, Cetinkaya S, Apaydin S, Bilican I, Uluer I. Numerical thickness
optimization study of CIGS based solar cells with wxAMPS. Opt - Int J Light Electron Opt
2016;127:8827-35. doi:10.1016/J.1JLEO.2016.06.094.

Taghavi MJ, Houshmand M, Zandi MH, Gorji NE. Modeling of optical losses in perovskite
solar cells. Superlattices Microstruct 2016;97:424-8. doi:10.1016/j.5pmi.2016.06.031.

Hirst LC, Ekins-Daukes NJ. Fundamental losses in solar cells. Prog Photovoltaics Res Appl
2011;19:286-93. doi:10.1002/pip.1024.

Shockley W, Queisser HJ. Detailed balance limit of efficiency of p-n junction solar cells. J Appl
Phys 1961;32:422—7. doi:10.1063/1.1736034.

Vorobiev Y, Gonzalez-Hernandez J, Vorobiev P, Bulat L. Thermal-photovoltaic solar hybrid
system for efficient solar energy conversion. Sol Energy 2006;80:170-6.

Kraemer D, Hu L, Muto A, Chen X, Chen G, Chiesa M. Photovoltaic-thermoelectric hybrid
systems: A general optimization methodology. Appl Phys Lett 2008;92. doi:10.1063/1.2947591.
Mizoshiri M, Mikami M, Ozaki K, Kobayashi K. Thin-film thermoelectric modules for power
generation using focused solar light. J Electron Mater 2012;41:1713-9.

Friesen G, Pavanello D, Virtuani A. Overview of Temperature Coefficients of Different Thin
Film Photovoltaic Technologies. 25th Eur Photovolt Sol Energy Conf Exhib / 5th World Conf
Photovolt  Energy  Conversion, 6-10 Sept 2010, Val Spain  2010:422-7.
doi:10.4229/25thEUPVSEC2010-4AV.3.83.

Henry CH. Limiting efficiencies of ideal single and multiple energy gap terrestrial solar cells. J
Appl Phys 1980;51:4494. doi:10.1063/1.328272.

Baldasaro PF, Raynolds JE, Charache GW, DePoy DM, Ballinger CT, Donovan T, et al.
Thermodynamic analysis of thermophotovoltaic efficiency and power density tradeoffs. J Appl
Phys 2001;89:3319-27. doi:10.1063/1.1344580.

Markvart T. Thermodynamics of losses in photovoltaic conversion. Appl Phys Lett
2007;91:064102. doi:10.1063/1.2766857.

Landsberg PT, Badescu V. Carnot factor in solar cell efficiencies. J Phys D Appl Phys
2000;33:3004-8. doi:10.1088/0022-3727/33/22/320.

Cotfas DT, Cotfas PA, Ursutiu D, Samoila C. The methods to determine the series resistance and
the ideality factor of diode for solar cells-review. 2012 13th Int. Conf. Optim. Electr. Electron.
Equip., IEEE; 2012, p. 966—72. doi:10.1109/0PTIM.2012.6231814.



Table 1: Values of M,y Vinp, and Eg4 for the three types of solar cells analysed in this work.

CIGS Si 1 T2 T3
Npv (%) 10.03 12.89 18.82 14.94 7.30
Vi (eV) 0.39 0.44 1.31 1.07 0.40
Eg (eV) 1.25 1.16 1.89 141 0.67
Table 2: Summary of the losses, the measurable quantities, and the related equations.
L L
0sses 0ss Description Measurable quantity .
class name Equation
Lir—tot = L1ir + Lisn
Lir Reflection loss + L3aq [EQ.13
+ LZa—R
LiT Transmission loss Neglected in the model |none
Ly Lir—tot = L1ir + Lisn
Lisn Contact grid shadowing loss + L3aq  [EQ.13
+ LZa—R
L =L g+ L
Li.bs | Absorption not generating carriers therm = %3Nrad-] = "1abs|p 19
+ L35h
Lir—tot = L1r + L1sn
L,,_r | Under-gap contribution to reflection + L3aq  [EQ.13
L + LZa—R
2 L,,_1t | Under-gap contribution to transmission Neglected in the model none
Loa_aps | Under-gap contribution to Lq,ps Lya_abs Eqg. 15
Loy, Carrier thermalization Loy, Eq. 17
L3-.q | Radiative recombination current loss L3rad Eq. 24
L =L g +L
L3nrad—j | Non-radiative recombination current loss therm SNrad-J T ™abs|po 19
L3 + L3Sh
L =L g+ L
Lisn, | Current loss due to shunt resistance therm = %3Nrad-] T "1abs|p 1g
+ L35h
L Radiative recombination voltage loss - La = Lacarnot -:_Llj*b"ltz Eo. 18
4carnot lsame solid angle than absorption 4Nrad-v [=Q-
+ Ly
L L Radiative recombination voltage loss - L4 = Lacarnot -:_Lfb"ltz Eq. 18
o 4boltz \gifference between solid angles 4Nrad-v [=Q-
+ Ly
Ly = Lycarnot T Laboltz
L4nrad—v | Non-radiative recombination voltage loss + Lynrad-v [EQ- 18
+ Ly




Voltage loss due to series resistance

L4 = L4carn0t + L4boltz

+ L4Nrad—V EC|. 18

+ Lyg

Table 3: Values of computed losses.

ClGs Si T
Lig_tor (%) 12.63 16.29 10.83
Larag (%) 1.30 1.48 2.73
Lya—aps (%) 20.68 14.63 2.20
Ly, (%) 15.94 21.83 19.90
Linerm (%) 17.59 9.39 7.07
L, (%) 22.71 23.52 19.10
Total (%) 90.86 87.16 61.80




Figure 1: Pictorial view of a general solar cell structure, with the losses occurring in it. Red solid squares marks
thermal losses, black arrows the incoming radiation, and red undulating arrows the losses.

Figure 2: EQE(A) and R(A) for the three solar cells analysed in this work. Data for the TJ solar cell were
obtained from literature [21].

Figure 3: (a) Computed losses for the three solar cells. (b) Spectral dependency of losses in the Si cell. (c)
Cumulative spectral dependency of losses for the Si cell compared to the solar spectrum.

Figure 4: (a) Bar graph of &, and of its components vs. the cell efficiency for the three devices. The gap
between the bars and the dashed line is the non-thermal lost power fraction. See Appendix A for the L,
components. (b) Spectral dependency of &, for the three cells.
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