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Photovoltaic Devices: Opto-Electro-Thermal

Physics and Modeling

Aixue Shang and Xiaofeng Li*

Nano-/micro-structured thin-film solar cells (SCs) under
advanced light management designs have attracted intensive
attention due to their potential in realizing cost-effective solar
energy utilization.ll In these devices, thermal effects such as
self-heating and light-induced heating are evident; this can heat
up the device and constrain the output performance dramati-
cally.?l Especially, for concentrating photovoltaics, temperature
rise under a high concentration ratio (e.g., 1000 suns) will
bring a serious challenge to sustain the operation stability of
SCs. Hence, the thermal effects play important roles in deter-
mining the SC performance. The consideration of this impor-
tant mechanism not only enables a thorough understanding of
the multi-domain photovoltaic physics but also leads to many
new application possibilities. For example, passive radiative
cooling presented by Fan's group has been considered prom-
ising for cooling down SCs for higher photoconversion effi-
ciency.’l Therefore, it is obvious that the photovoltaic devices
are not just the optical and electrical systems, but also typical
thermodynamic systems; these three physical domains are
tightly coupled.

Previous simulations for SCs mainly focus on the optoelec-
tronic analysis with addressing electromagnetic and electrical
responses,* which not only maximize light absorption but also
ensure that the generated carriers can be efficiently collected.
For example, coupled optical and electrical modeling of nano-
structured SCs was reported to simultaneously increase the
light absorption and optimize the electrical properties of o-Si:H
cell.Pl A thorough optoelectronic simulation has been con-
ducted for nanowire and nanohole SCs, revealing that nanowire
and nanohole SCs have a superior light harvesting capability
than planar devices and that radially doped SCs are more
efficient for carrier collection than axially doped systems.*dl
However, previous optoelectronic studies are performed with
the assumption that SCs are operating under standard test
condition (STC),l®) where the air mass index is 1.5, the solar
irradiance P, = 1000 W m~2, and the ambient temperature
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Tomp = 25 £ 1 °C. Moreover, the operating temperature of SCs
(i-e., T) is set to be equal to T, by default. In reality, the tem-
perature of SCs will increase sharply due to thermal effects and
in turn affect the output performance.”? A thorough treatment
on the optoelectronic and thermodynamical response in spatial
and frequency domains is strongly desired in order to promote
the understanding of SCs as well as explore novel photovoltaic
designs for high efficiency and high stability.

In this study, taking a single-junction gallium arsenide
(GaAs) SC as an example, we present our progress on photo-
voltaic simulation with considering the optoelectronic and
thermodynamic mechanisms simultaneously. We use finite-
element method (FEM) under the platform of COMSOL
Multiphysics to investigate the electromagnetic absorption,
nonisothermal carrier transport, and heat flow inside the
SCs.Bl Optically, we investigate light absorption, reflection,
and transmission by solving the Maxwell's equations. Electri-
cally, various carrier loss mechanisms arising from surface
and bulk recombinations, carrier drift driven by electric field,
and carrier diffusion caused by the gradient of carrier con-
centration and lattice temperature are extensively treated.[®’]
Owing to phonon scattering and carrier recombination, a frac-
tion of energy is not electrically usable and converted to heat
ultimately. Thermodynamically, heat generation (due to ther-
malization, Joule heat, Peltier heat, and recombination heat)
and heat dissipation (such as convective and radiative cooling)
are taken into consideration.'”) Benefited from such an opto-
electro-thermal (OET) simulation technique, energy conver-
sion from light incidence to electricity and thermal energy
is quantified under various biases, enabling a deep insight
into the intrinsic OET fundamentals of SCs. Considering that
the light-trapping strategies for SCs have been extensively
reported,'!l here we preferentially concentrate on the OET
physics and simulation technology of SCs rather than the spe-
cific designs for high performance. Therefore, although only
a single-junction GaAs SC is presented, this methodology
is applicable for a broad range of photoconversion devices
(including SCs and photodetectors) composed by various
material systems under specific configurations. This study is
beneficial to accurately predict the performance and guide the
design of advanced photovoltaic devices.

Based on our previous optoelectronic model,! OET simu-
lation can be realized with including the thermodynamic
module. Here, we use a rigorous thermodynamic treatment of
heat generation and conduction according to the literatures by
Wachutka;!2l moreover, a single-junction GaAs SC (Palik’s data
for GaAs material®l) with a thickness of 1 um equipped with
dual-layer antireflection coatings (ARC) of ZnS and MgF, is
employed as the platform for the OET study.**% The discus-
sions are based on the following assumptions: (1) hot-carrier
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effects are omitted and it finally arrives at the postulation that
both electrons and holes are in thermal equilibrium with the
lattice; (2) photon recycling is taken into account by using a
reduced radiative coefficient according to the data from ref. [4a];
and (3) solar irradiance with P;=1000 W m™2 (i.e., the standard
AM1.5 solar spectrum is used as the source of this simulation)
and the ambient temperature (T, = 25 °C) is different from
the lattice temperature T. The coupled equations governing the
OET responses of SCs arel*12]

Vx(VXE)=kie,E 1)
G(x,y,2)= fg(x,y,z,l)d?t (2)
V. —DnVn+n,u,,(VCI>+V—Z+K—JVlnch—nD{LVT] o
L q
=G(x,y,2)-U
V. —Dpr—pup(V®+E+E—K—BTVIHNV)—IJD§]VT
L q q q
V=1 (n-p-C) (5)
£E,
V.(-kVT)=H (6)

where k, is wave vector in free space, ¢ the material permit-
tivity, n (p) the electron (hole) concentration, @ the electrostatic
potential, D, (Dy) the electron (hole) diffusion coefficient, D,
(D%, the thermal diffusion coefficient for electron (hole), N, (N,)
the effective conduction (valence) band density of states, p, (k)
the electron (hole) mobility, Ky the Boltzmann's constant, U the
total bulk recombination, g the electron charge, C the impurity
concentration, k the total thermal conductivity, and H the total
heat generation to be specified in the following. The values
of the parameters such as mobilities and carrier lifetimes can
refer to our previous works.*!

We first solve the electromagnetic wave equation in fre-
quency domain under a normal incidence, so that the absorption
response and the wavelength-dependent carrier generation rate
g(x, y, z, A) of the SCs can be accessed. For this planar system
under normal incidence, the system responses under transverse
electric (TE) and transverse magnetic (TM) incidences are iden-
tical; however, if the rotationally asymmetrical components are
involved or under an oblique incidence, TE and TM incidences
have to be considered separately (the unpolarized incidence
takes the average of TE and TM cases).[¥l The total generation
rate [i.e., G(x, y, 2)] can be expressed as the spectral integral of
g(x, y, z, A) over the whole material absorption band as indicated
in Equation (2).'% Carrier transport and Poisson’s equation are
expressed in Equations (3)—(5), where carrier drift and diffusion
have been considered. It should be mentioned that the gradient
of lattice temperature acts as an additional force to drive the
carriers;!'l therefore, the carrier transport equations become
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strongly temperature-dependent and heat generation is actually
closely related to carrier motion and light absorption.

Let us have a brief view of the microscopic processes in
photovoltaic systems shown in Figure 1, where the incident
photons deliver energy to carriers and lattice, generating
photocurrent and heat. The schematic diagram depicts energy
band of typical homojunction SCs operating under a forward
electrical bias V,. The main thermodynamic processes are as
follows.[1215]

(a) Thermalization. For the incident photons with energy
hv > E,, they can be absorbed by the material to generate
electron-hole pairs with high kinetic energy. Through
the scattering at the crystal lattice, electrons (holes) will
thermalize to the conduction (valence) band edge in
picoseconds. The energy released in this process can be
expressed as

Hy, (x,y,z)zJ(hv—Eg—3KBT)~g(x,y,z,/'L)dl (7)

where hv — E, — 3KgT is the excess energy of a photon inci-
dence (unit: eV) with a specific wavelength and g(x, y, z, A) (unit:
photons m™ s7! nm™) is the corresponding carrier generation
rate. 3Ky T denotes thermal average values from electrons and

holes as indicated in ref. [12a].

(b) Joule heat. The motion of photogenerated carriers will
generate photocurrent as well as Joule heat due to the
acceleration of carriers in the electric field. This process
mainly happens in the depletion region where the elec-
tric field is strong. Joule heat is normally regarded as the
main self-heating mechanism in semiconductor devices
and can be described as!!?*14

H]ou]e(x:er):F'] (8)

where ] is the total photocurrent from electrons and holes, and
F is the electric field defined as the negative gradient of the
electrostatic potential, i.e., F = -V®.

(c) Bulk recombination. We consider three typical bulk
recombinations including radiative, Shockley—Read—Hall
(SRH), and Auger contributions. The last two can also be
classified as the non-radiative recombination. Energy flow
between carriers and lattice is enabled by SRH recombi-
nation and energy exchange between carriers is realized
by Auger recombination, which will heat up the SCs
ultimately when reaching the thermodynamic equilib-
rium. Nevertheless, the energy exchange between carriers
and ambient through radiative recombination makes
no contribution to the thermodynamic system of SCs.
Auger recombination coefficient is 1 x 1073 cm® s7! for
both electrons and holes. Considering photon recycling,
a properly reduced radiative recombination coefficient
=1.5 x 1071% cm? s7! is used.ld) Heat generation due to
non-radiative recombination is expressed as(!?

Hnon-rad (X,Y,Z)z (Eg +3KBT)'(USRH +UAug) (9)
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Figure 1. Loss process in a single-junction GaAs solar cell: a) thermalization, b) Joule heat, c) bulk recombination, d) surface recombination, and

e) Peltier heat.

where Ugpy (Uaug) denotes SRH (Auger) recombination rate.
The total non-radiative recombination rate Ugnraq = Uspy +
Unug:

(d) Surface recombination. When minorities reach the cell
surface with lattice defects, they will be depleted via the
surface recombination and release the energy to heat up
the SCs. The released heat can be calculated by

Hsurf =(Eg +3KBT)’Usurf (10)

where Ug,is the surface recombination rate./d!

(e) Peltier heat. Before being collected by the external circuit,
electrons (holes) have to flow from conduction (valence)
band to the corresponding quasi-Fermi level and release
energy to the lattice, namely, the Peltier effect. The value
of Peltier heat for electron (hole) is related to the energy
difference of conduction (valence) band and the corre-
sponding quasi-Fermi levels as shown as!'l

Hpeier = (Ec + 1.5K3T = Eg, )- | (11)

Hpuser = (Egy — E, +1.5K;T)- | (12
where E (E,) is the conduction (valence) level and E, (Eg,) the
electron (hole) quasi-Fermi level.

In the above equations, Hy, Hjoue, and Hpgnriq are the
volume thermal density with unit W m=, while H,f, Hpeer
and Hp.., take place on the surfaces as boundary conditions
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with unit W m™2. Besides, the heat generation rate (Hygc) in
ARC layers is identical to the energy of absorbed photons by
these layers.

To finalize the model introduction, we would like to summa-
rize the boundary conditions in optical, electrical, and thermal
modules for the OET simulation. In the transverse direction
(vertical to the semiconductor junction), period boundaries
are used for all modules. However, for the boundaries along
the junction, the conditions are quite distinguished. Spe-
cifically, (1) for the optical module, perfectly matched layers
(PMLs) are used on the top and bottom sides of the cell to
avoid the unphysical reflection; (2) for the electrical module,
surface recombinations are used to define the top and bottom
boundaries;*¥ (3) for the thermodynamic module, the top and
bottom boundaries are composed of several heat components,
that is, the convection heat, surface radiation heat, Peltier heat,
and surface recombination heat.[d9%2.12]

Having categorized the heat-induced energy losses and
uncovered the microscopic processes arising from various
semiconductor mechanisms in photovoltaic systems (see
Figure 1), we can now turn our attention to examine how the
incident energy is consumed by all these effects. Obtaining this
profound information is critical for better understanding and
controlling the operations of photovoltaic devices. Based on our
OET simulation, Figure 2 illustrates how the total solar irradi-
ance (P, = 1000 W m~?) is decomposed into various parts in the
investigated SC under the optimal voltage (i.e., corresponding
to the maximized output power). Here, single-junction GaAs
SC with ARC layers is considered, where the incident photons
deliver energy to the cell, generate photocurrent to drive
external circuit, and produce excess energy to heat up the
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Figure 2. A sketch of photovoltaic system is vividly plotted where the distribution of power densities is quantified under optimal forward bias.

device. First, the total power of incident photons is 1000 W m™2
and the power losses from the optical reflection and transmis-
sion are 68.96 and 346.48 W m™2, respectively, leaving the rest
(i-e., 584.56 W m~2) to be absorbed by the SC. It is obvious that:
(1) the reflection loss is low, attributed to the good optical per-
formance of dual-layer ARC design; (2) since the thickness of
the photoactive layer is very thin (only 1 pm), the light transmis-
sion (including the unabsorbed over-bandgap incidence and the
below-bandgap energy) is evident and leads to a large energy
loss (to capture photons more efficiently, light management
strategies based on nanostructure designs have to be used!!)).
Second, only 202.54 in 584.56 W m™2 is available for the elec-
tricity output, revealing that a large portion of energy has been
wasted. For example, a small fraction of energy loss due to
radiative recombination is 0.85 W m™2, which goes back to the
ambient in the form of photons without heating up the SC; the
rest energy loss is as high as 381.17 W m2, which is converted
into heat via various ways. Among them, thermalization is the
dominant factor, spending a high energy of 156.68 W m™ to
elevate the cell temperature via phonons. Energy loss due to
Joule heat is also significant, that is, 121.29 W m™2, which is
also a very important ingredient in regulating the operation of
many thermodynamic systems (e.g., it is regarded as the key
factor of self-heating in semiconductor devices!™¥). Joule heat
is determined by the material itself such as mobility and carrier
density and is thus hard to be removed. The rest energy losses
are relatively low, but still influence the device operation status
to some degree as discussed below. (1) Non-radiative recombi-
nation leads 14.32 W m™2 of the energy to be converted into
heat due to the carrier-lattice interaction. Apparently, this part
of energy can be reduced under a low non-radiative recombina-
tion rate as indicated in Equation (9). Therefore, the purity of
material and low trap density are essential for high-efficiency
photovoltaic systems. (2) Surface recombination also makes a
waste of energy to heat. In top (bottom) surface of the consid-
ered GaAs cell, the energy loss is 10.04 W m™2 (28.55 W m™),
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which is determined by the surface recombination rate [see
Equation (10)]. Surface recombination can be suppressed by
using passivation technology and window or BSF (back sur-
face field) layer. (3) Heat generation arising from Peltier heat
in p-contact (n-contact) is 16.23 W m=2 (14.79 W m™2) in this
study. (4) As the ARC is not entirely transparent, it leads to an
energy loss of 19.27 W m™ noted as the ARC heat in the sketch.

Figure 2 solely displays the situation under the optimal
electrical bias; nevertheless, the photocurrent and power den-
sity of SCs exhibit quite unique behaviors which are strongly
dependent upon the operation situation (e.g., the forward
electrical bias V,). For the convenience of comparison, we
evaluate the effects of all mechanisms by equivalently calcu-
lating the corresponding photocurrent. That is, for cell output,
it is the photocurrent available for the external load; while for
surface and bulk recombinations, they are the photocurrents
which have been wasted without exporting electricity. Plotted
in Figure 3 are the photocurrent densities versus the forward
electrical bias caused by various internal semiconductor mecha-
nisms. It should be noted that J, is the photogenerated current
density, which is directly converted from photon absorption
without addressing any electrical losses (i.e., internal-quantum
efficiency, IQE, is 100%); therefore, J, (= 271.20 A m™) is inde-
pendent of V, and represents the upper limit of the photocur-
rent. [, can be divided into the following several parts. A large
portion is the output photocurrent J. From J-V, curve we can
get the short-circuit photocurrent density J,. = 248.36 A m~2,
the open-circuit voltage V,. = 0.96 V, and the optimal voltage of
0.86 V. It is obvious that | is decreasing slowly when V, is low
(e.g., V, < 0.6 V) and drops fast when V, is high (e.g., V, > 0.8 V)
due to the dramatically increased dark current. For a further
insight into the dark current, we distinguish the various contri-
butions of dark current by examining the photocurrent losses
arising from the surface (top and bottom surfaces, Jout and
]sirf) and bulk recombinations (J,.) in Figure 3. It is found
that all these carrier recombinations do not change apparently

Adv. Mater. 2017, 1603492
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Figure 3. Quantified photocurrent losses arising from the bulk and sur-
face carrier recombinations under various biases are investigated. The
left inset is the EQE spectrum under the short-circuit condition; the right
inset is the pie chart of the photocurrent distribution.

with increasing V, when V, is small. Keeping increasing V, to
be close to V., carrier recombinations (especially, the bottom
surface recombination and the bulk recombination) are sharply
strengthened. Comparing Jaws and Jour, the former is much
higher, showing that the surface recombination on the bottom
surface dominates the whole surface recombination effect. This
is because in the considered GaAs SC the depletion region is
much closer to the top surface and thus the carrier separation
is more effective in the top region, preventing the minorities
from reaching the top surface for recombination. For a fur-
ther insight into the microscopic response of the SC, we plot
the spectrum of external quantum efficiency (EQE) in this
figure. EQE is low at short-wavelength region due to the sur-
face recombination and reduces to zero at below-bandgap band.
Besides, we also draw a pie chart in Figure 3 for the situation
with the optimal forward bias (V, = 0.86 V). We can see that: (1)
the output photocurrent density J accounts for 86.85% of the
whole photogenerated current; (2) J af is dominant mechanism
of the photocurrent loss and leads 6.99% of ],y to be wasted;
(3) Jou accounts for 3.71% in this device with a thin photoac-
tive layer; (4) 2.46% of the photocurrent is wasted due to the
top surface recombination. Although Jp, is from the electro-
magnetic calculation and the rest current components from our
OET simulation, we find that these calculations exhibit a per-
fect conservation as the following

Ton = T+ Jousc + Jaue + Jout (13)

Above equation verifies that our OET simulation is accurate
enough. Such a current conservation can also be derived directly
from the continuity Equations (3) and (4), with considering the
boundary conditions for minority surface recombination. 44
In the following discussion on the power density, similar con-
servation will also be achieved successfully.

Here, we would like to indicate that the discrimination on
the various photocurrent gain/loss components in Figure 3 is
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only for the energy which has been successfully absorbed by
the SC. A more complete picture should be based on the overall
energy from the solar incidence so that one can get the detailed
destinations of the energies driven by various microscopic
semiconductor mechanisms. Therefore, in the forthcoming
discussion, we unite the unit of W m™ to describe all energy
portions. This can be implemented by integrating the volume
(areal) heat power densities [see Equations (7)—(12)] in the
whole device (surface) and then dividing the integrated heat
powers by the area of the device surface. The bias-dependent
power densities for all considered semiconductor mechanisms
are plotted in Figure 4a,b, respectively. Figure 4 is actually an
extended version of the diagram shown in Figure 2 by including
the dependence on the electrical bias.

As mentioned previously, excluding the optical reflec-
tion and transmission, the total power density (Py,) of the
absorbed photons is 584.56 W m™, which is independent of
the forward bias, that is, a straight line in Figure 4. Only a frac-
tion of Py, is available for the electrical output and the rest is
converted into heat or wasted through radiative recombina-
tion (excluding the reabsorption due to the photon recycling).
The maximum output power density (P = 202.54 W m™) is
achieved when V, = 0.86 V, as also indicated in Figure 2. Pjoy.
denotes the power loss due to the Joule effect. Interestingly,
when V, =0V, Pj, is maximized because at the condition the
built-in electric field is the highest (compared to the forward
electrical bias) to exert the strongest force to push the electrons
and holes inside the semiconductor junction. When V, = V,,
the electric field is evidently weakened and J =0 A m so that
Pjoue = 0 W m™2 [see Equation (8)]. Power loss arising from
the thermalization process (Py,) is plotted in Figure 4a by the
dotted line, which seems to be straight but is still dependent
on the operating temperature T [see Equation (7)]. We can find
that Py, and Pjoy. are the key ingredients for thermal energy.
Besides, Pypc is the power loss in antireflection coatings con-
verted directly from the light absorption. Ppc is independent
of V, and as low as 19.27 W m™ as also indicated in Figure 2.
Other power losses due to Peltier effect and carrier recombina-
tion are plotted in Figure 4b. Ppeye, refers to the power loss
caused by Peltier effect, which is essentially constant under a
low forward bias (V, < 0.6 V) while diminishes sharply under a
high V, with Ppejier = 0 W m™2 when V, = V,.. Top and bottom
surface recombinations make up a power loss of Py, which
is similar to the curve of Ppgyie, under a low V,. However, Pg..s
elevates rapidly when V, > 0.8 V and then becomes the leading
power loss. P4 is not very large in all investigated forward
biases so that only a small fraction of energy is released to the
ambient via radiative recombination. Comparably, P, .4 iS
much more important and shows as well a rapid increment
with increasing V, toward V,.. In these power losses, Pjoyie, Pin
Parcs Prettier Psurp and Ppoprag Will heat up the SC so that we
can have the expression

1
o [V(—KVT) dQ = e + Py + Parc (14)

+P Peltier T Psurf +P non-rad

where the left term is the total heat generation term in
Equation (6) and Q (A) is the spatial domain (area of contact
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Figure 4. Quantified power densities arising from various mechanisms are investigated. a) Power density curves such as output power, Joule heating
power, thermalization power, ARC power, and total photo-generated power. b) The power densities loss due to Peltier effects and recombinations. The
inset in (b) shows the percentage of each power loss in the total power density when the solar cell operates under optimal voltage.

surface). Owing to the energy conservation, we finally arrive at
another conservation expression

P

P

1
X =P+Pmd+z_[V-(—kVT) aQ (15)

where the incoming energy fluxes (i.e., Py, = 584.56 W m™?)
in the above equation can be divided into three parts. P is
electrically usable and determines the output performance of
the SC and P,,4 refers to the energy loss due to photon emis-
sion under radiative recombination. The last part is related
to heat generation contributed by various heat sources [see
Equation (14)].

Heat generation is discussed based on rigorous treatment
above, which will heat up the SCs and increase the operating
temperature. However, the operating temperature should
reach a stable level owing to heat dissipation such as convec-
tive cooling and radiative cooling, which are also considered in
this OET simulation. Figure 5a shows the calculated convective
cooling (HS") and radiative cooling (H%') as a function of the
forward bias. HSY is determined by

H =h(T = T (16)

where h is the convective coefficient and T (T,,) the device
(ambient) temperature. In this calculation, h = 6 W m™? K
is much easily affected by wind speeds.’’! H' denotes the
power loss due to surface radiative cooling and obeys the

formula
HY =eo(T* - Tiy) (17)
where € = 0.8 is surface emissivity in the calculation and o is

Stefan—Boltzmann constant. There is no doubt that we can
reach a thermal balance law
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]. 1 COO| COO!
" [V-(-kvT)dQ= - [ (g + Hge') dA (18)

cool ool

From Figure 5a, we can find that Hg, and Hgy show
similar trends with varying V,. Cooling effect reaches the
lowest when the SC is operating at the optimal voltage.
This is reasonable since at this condition the output power
reaches the maximum, leaving only a fraction of energy to
be converted into heat. When the SC is operating at J,. or
Vo condition, cooling effect is quite evident because there
is no power output and almost all of the absorbed energy
is converted into heat. In addition, convective cooling is
about 2.2 times over surface radiative cooling, as indicated
in ref. [17].

After finishing the analysis of photocurrent, heat genera-
tion, and dissipation in SCs, we finally discuss the stabilized
operating temperature. As we can observe in the equations
above, many of them are strongly related to T. Therefore, the
device temperature plays an important role in determining the
OET performance of SCs. In this study, the thermal conduc-
tivities of MgF,, ZnS, and GaAs are 21, 14, and 33 W m~! K},
respectively. By solving the coupled Equations (3)-(6) and
taking account of the heat generation and dissipation, we
can obtain the distribution of temperature (i.e., T) in the cell.
Since the investigated SC is very thin, T variation in space is
quite small. However, if we consider more complicated con-
figurations (e.g., plasmonic SCs), strongly space-dependent
T can be observed. The T variation with V, is shown in
Figure 5b. Being similar to the curves in Figure 5a, T is mini-
mized under the optimal voltage while increases sharply up
to 56.7 °C at V, = V., which is consistent with an empirical
formula rewritten below!'®!

T =0.943 X T,,,,(°C) + 0.028 x Irradiance
—1.528 x WindSpd + 4.3 (19)
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Figure 5. a) Convective cooling and radiative cooling are investigated and b) operating temperature of solar cell under various biases is plotted.

where Irradiance (WindSpd) refers to solar irradiance (wind
speed) with unit W m= (m s7!). Using the empirical formula
and setting T, = 25 °C, solar irradiance of 1000 W m™2, and
wind speed of 1 m s7!, we can get T = 54.3 °C, which agrees
well with our simulation. A small discrepancy is from the dif-
ference in the SC configuration.

The analysis of SCs from the viewpoint of energy is the most
fundamental understanding of photovoltaic principles. We
often concentrate on output power of a SC and find solutions
to promote the light-conversion efficiency. However, a compre-
hensive recognition of power density loss provides a convenient
hint to improve the cell efficiency. Let us have a brief review
on the basic strategies to improve the photovoltaic efficiency.
For the conventional optical consideration, light trappings such
as utilizing antireflection coatings, photonic crystal, or plas-
monics are proved to be effective for the performance promo-
tion, which can be classified as photon management.'”! From
the perspective of photocurrent, carrier recombination can be
reduced by good surface passivation and purifying the material
to be with low trapping densities, which can be regarded as the
carrier management.’”) However, it is not enough since there
are more ways to further improve the cell performance. Consid-
ering the vast over-bandgap energy loss, we can use multi-junc-
tion or hot-carrier technologies to make full use of the excess
energy. In this study, we also mentioned that Joule heating and
Peltier heating are related to the doping profiles and carrier
mobility so that they can be controlled and reduced by prop-
erly optimizing the doping profile. However, if we change the
doping profile, the electrical behaviors, for example, carrier
transportation and recombination, will also be modified, which
brings us new challenge for a comprehensive design. To date,
there are rare reports on manipulating the Joule heating and
Peltier heating in SCs. We consider this as the heat manage-
ment, which deserves a thorough investigation in the future.
By using the proposed OET simulation method, the mentioned
optical, electrical, and thermodynamic behaviors can all be
studied in a comprehensive way, providing us a new opportu-
nity to better understand photovoltaic devices for novel designs.
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In conclusion, we reported a full-coupled optoelectronic
and thermodynamic simulation for photovoltaic cells, where
fundamental physics are thoroughly discussed by addressing
optical, electrical, and thermal effects simultaneously. First, we
introduced a schematic diagram of energy level to reveal the
intrinsic microscopic processes of SCs, where photons, car-
riers, and lattice make up the complicated system and the inter-
actions between them were discussed in detail. We then illus-
trated the quantified energy distributions in the photovoltaic
system under the operation voltage so that one can get a further
insight into the energy conversion and exchange in SCs. We
further investigrated quantitatively the various photocurrents
(e'g” ]! Jbulkf ]5‘“{) and power energies (e'g" P, P]Ouler PPeltier)
with varying the forward electrical bias, which enable delicately
distinguishing the various photocurrent (energy) gained or con-
sumed due to various OET mechanisms. Moreover, the energy
conservation was achieved for both photocurrent and power
density analyses. Finally, we estimated the heat dissipation with
considering the convective cooling and surface radiative cooling
and predicted the stabilized operation temperature of the SC. It
is found that the lowest temperature rise can be achieved when
the cell is working with the highest output.

The proposed OET simulation technique provides a readily
way to look deep inside into the fundamental physics and light—
matter interactions in photovoltaic devices, which is beneficial
for fundamental studies as well as advanced device develop-
ments. We would also like to indicate that SCs based on various
photoactive materials show distinguished optical, electrical,
and thermal effects due to unique absorbing band, absorption
coefficient, electron/hole diffusivity, electron/hole lifetime,
etc. However, for each kind of SC, the basic operation and
intrinsic OET mechanisms are unchanged. Therefore, most
of the conclusions in this paper are qualitatively applicable for
other devices, although the quantities (response details) will be
varied depending on the materials and the system structures.
Moreover, this methodology can find a broad range of appli-
cations for the design of optoelectronic devices. For instance,
(1) photodetectors are working with a similar principle and can
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be simulated with addressing the OET and photoresponsivity
characteristics; (2) the plasmonic devices show quite unique
thermal effect under the strong field-localization effect and can
be studied as well; (3) especially, for the multi-junction SCs
with a high solar concentration, thermal response is critically
important, which has to be taken into account in the device
design; (4) more novel photovoltaic devices can be developed
by addressing the OET response, including the previously
mentioned SCs configured with self-cooling photonic crystal
nanostructures.t!
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