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ABSTRACT

The basis for the temperature dependence of the principal performance parameters of single and multi-junction concentrator
solar cells is examined, focusing on the impact of bandgap and irradiance. The analysis of cells in the radiative limit estab-
lishes fundamental bounds. A quasi-empirical model yields predictions consistent with available data. A simple method for
estimating the temperature coefficients of key performance parameters is identified. The degree to which the efficiency pen-
alty associated with cell heating can be mitigated by high irradiance is also evaluated. Copyright © 2012 John Wiley &

Sons, Ltd.
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1. INTRODUCTION

Photovoltaic operating temperatures are commonly tens of
degrees above the standard testing value of 25 °C for both
flat-plate and concentrator systems. The associated
efficiency reduction is non-negligible. Although the impact
of temperature on efficiency has been studied—including
experiments on single-junction [1-6] and multi-junction
[6-11] cells—the data and theoretical underpinning for
concentrator photovoltaics have not been extensive,
especially on how the effect of temperature on cell perfor-
mance changes with irradiance. Recent experiments
showed that the magnitude of the efficiency penalty for cell
heating decreases significantly with irradiance [6-8,12]—
by as much as a factor of two at flux concentration values
of order 10° suns [12]. This paper examines whether ultra-
high irradiance could render the effect of cell heating
negligible, or even beneficial.

Here, we investigate the basis for the effect of irradiance
on the temperature dependence of the key cell performance
parameters: short-circuit current density Jg., open-circuit
voltage V., fill factor FF, and efficiency 7. In so doing,
we (i) identify and quantify the individual contributions

Copyright © 2012 John Wiley & Sons, Ltd.

to these temperature coefficients, (ii) establish fundamental
bounds for their magnitude from the radiative limit,
with an ideal external quantum efficiency (EQE), and
(iii) develop a quasi-empirical model that affords satisfac-
tory predictions compared with available data and obviates
the need for extensive measurements at numerous irradi-
ance levels. We proceed by portraying the analytic models,
scrutinizing their predictions, and offering comparisons to
available data.

2. ANALYTIC MODEL
2.1. Short-circuit current density

In single-junction cells, J,. depends only on the input spec-
tral photon flux density f(E) (photons per unit time, per unit
area, per unit energy) and the EQE. The temperature (7)
dependence of J. then stems from that of the EQE:

o0

Jel1) = q [ EQE(E.T)f(E)dE ()
0
The ideal EQE is a step-function: zero for photon
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energies below the bandgap energy (E <
E > E,, for which

E,) and unity for

. dE,

J(T) =g / B, S = —qf () T2 @
Eg(T)

where ¢ is the elementary charge. Equation 2 is valid pro-
vided that J is proportional to irradiance. (Ji. may not be
proportional to irradiance in cells with large series resis-
tance losses [13], or irradiance values so high that the im-
mense carrier densities reduce optical absorption [14].)

For common solar cell materials (e.g., Si, GaAs, Ge, GaSb,
GalnP), dE,/dT is well approximated by —(28 + T T/T + By
(o and f§ are empirical parameters) and ranges from —0.26 to
—0.55meV/K, with a temperature dependence of only a few
percent from 0 to 100 °C [15-18]. Hence, dJ,/dT is a positive
linear function of the photon flux density in the vicinity of E,
(Eq. 2).

The analysis is complicated when the sub-cells in multi-
junction (MJ) solar cells are connected in series, wherein
JMT s controlled by the current-limiting sub-cell [19]. Cell
heating may increase current in the current-limiting sub-
cell (due to enhanced long-wavelength absorption) but is
counterbalanced by the corresponding current increase in
the top sub-cell (unless the current-limiting sub-cell is the
top sub-cell, in which case the temperature dependence
of J. is simply that of a single-junction cell with the same
bandgap as that of the top sub-cell). Then dJ3/dT is the
difference between the temperature coefficient of the limit-
ing sub-cell dJ./dT and the one above it is dJi; /dT:

Eg’]
TV (T) =T(T) = q / f
Eg'(T
M, i dEH, .\ dE'
ar [f(g ) dTé_f(Eg)d—T} )

One qualification is that the sub-cell that limits overall
cell current can shift when the J . values of sub-cells are
nearly the same, because of either (i) a difference in
the temperature coefficient of the sub-cell bandgaps, or
(ii) the impact of the input spectral distribution especially
at the low and high-wavelength extremes of the sub-cell
spectral response curves [9-11]. That notwithstanding,
Eq. 3 remains valid for a given cell temperature.

2.2. Open-circuit voltage

The dependence of V,,. on T and flux concentration X is im-
plicit in the basic relation

= (nkT/q) In(Jsc/Jo) “)

where n denotes the diode quality factor, k is Boltzmann’s
constant, and Jy is the saturation current density. The
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dependence of V,. on T and X is then subsumed in

Voe(T, X) = (nkT /q) In(X-Jse.1 un(T) /Jo(T))
nkT
— Voc, sunT+_1nX a
()5S0 @
dVee (T, X)  dVoe(T) nk
= +Zmx)  (b)
dar dar 1 sun q
In the radiative limit, n=1 (per junction) and [20]
2ng r
h3C eE/kT
E, (6)
. 2n i3
h:Z2 (( g/kT) +2E, /KT + 2) e BelMT
ankT E, 2 ,~Ee /KT
hc

where ¢ is the speed of light and % is Planck’s constant.
(The approximation ¢”*” >> 1 in the denominator of the
integrand is accurate to better than one part in 10% for
E,>0.5eV.) With the differentiation of Eq. (5a) with
respect to T and introduction of Eq. 6, the temperature
coefficient of V. in the radiative limit is

dVoo(T,X)  Voc,1 sun(T) + % In(X) — Eg;T)
ar T 0
7& | Jr2dlnEg(T) +ldEg(T)
q dInT q dT
Edln-]scl sun(T)
q dInT

In contrast to the radiative limit, the quasi-empirical
approach provides a realistic estimate (rather than just a lower
bound—vide infra) for the temperature coefficient of V,,. that
can be compared with measured values. Three assumptions
distinguish the quasi-empirical approach from the radiative
limit. First, the reverse saturation current density J is taken
to be proportional to the square of the intrinsic carrier concen-
tration [15]

Jo ox T3¢ Ee/HT ®)

(as distinct from Eq. (6) for the radiative limit). Second, in
contrast to the radiative limit, where V. is calculated from
Eqgs. 2, 4 and 6, the quasi-empirical model invokes

Voo ~ Eg/q — 0.44 V ©)

at one sun, on the basis of the measurements from high-
efficiency cells, spanning a wide range of E, [21]. Third, the
diode quality factor n is not necessarily equal to 1 (although
in the calculations that follow, unless otherwise stated explic-
itly, the approximation n~ 1 is used on the basis of the ob-
served high-irradiance behavior of high-quality concentrator
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cells). Moreover, there are no adjustable parameters in the
quasi-empirical approach.

Differentiating Eq. 5a with respect to 7" and introducing
Eq. 8, one obtains the temperature coefficient of V,, for the
quasi-empirical model [8] (which differs non-negligibly
from the corresponding result in the radiative limit, Eq. 7):

E(T)
q

Voo T,X) Voot sun(T) + %L In(X) —n

ar T
3nk  ndE,(T)

g q dr q

nkd ansc‘l sun (T)
dInT

(10)

Invariably, dV,,/dT is negative because of the dominance of
the first three terms on the right-hand side of Egs. 7 and 10
(recall that nEy > gV, and dE,/dT < 0). The radiative limit
corresponds to the highest possible V.. and hence sets a
lower bound for the magnitude of dV,/dT. In addition, since
Vo increases with irradiance, the penalty for cell heating
diminishes as flux concentration increases.

Equations 5, 7 and 10 indicate that one can estimate
dVo/dT at high irradiance from measuring it at a single
irradiance value, that is, one sun (provided 7 is known), thus
obviating the need for measurements at every irradiance value.
In instances where n changes with irradiance X [12,22], Egs. 5
and 10 require piecewise analysis (with respect to n(X)). How-
ever, to find dV,,/dT as function of X, one needs to only mea-
sure V,(X) (and not dV,/d7(X)). It might also be noted that
the method for estimating dV,/d7(X) from (i) a single mea-

dFF(T,x)  M(Voet sn(T) 7 + In(X) + 1) ( ar

~
~
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2.3. Fill factor

For negligible series resistance losses (and provided
bandgap values satisfy E, >0.5¢V for the radiative-limit
case and E, >0.65¢eV for the quasi-empirical model), the
current density and voltage at maximum power point
(Jmp and Vyp, respectively) are well approximated as [23]

nkT
VMP = VOC —7 ll’l(VMpi-F 1)

nkT

nkT q
~ Vo — (voc— 1) 13
q 8 nkT+ (13)

Vi
Iap = Jeo — Jo () — 1

(%) Joe(5F)
e 0eé
%JSC—JO{M_I}Q’]SC—M (14)

nkT nkT

(In Eq. 13, Vjp in the logarithm has been approximated by
Voes and in Eq. 14, the approximation exp(gVoc/nkT) >>
qVoc/nkT has been used.) One can then express FF and
dFF/AT of single-junction cells as

Voc‘l sun%+ ll’l(X) - ln<Voc,] sunﬁ+ ln(X) + 1)
Voc.l sun iz + In(X) + 1

FF(T,X) ~

s)

Hence, dFF/dT is negative, with a magnitude that (i)

Voe 1 sw(T) g q
nkT — Voc,l sun(T) kT2

ar (Voo sun(T) o+ InX +1)°

surement of dV,/dT and (ii) n(X) (Eq. 12), is not contingent
upon the modeling introduced here.

Equations 5, 7 and 10 are also valid for serially
connected sub-cells because V. and dV,./dT are then the
sum of the contributions from the individual sub-cells:

VOCMJ (X) - Z Voc,i
i

kT Z n;
- Z Voc.i.l sun i IH(X) (1 ])
R 4q
avee | Vel ik
oc oc n
= +— ln(X)] (12)
dr X zz: |: dr 1 sun 4q
dVOCMJ nMJk
= + In(X)
1 sun

where n™ is the effective diode quality factor of the multi-
junction cell. The validity of Eqgs. 11, 12 at concentration
levels up to ~10* suns was demonstrated in [12]. (One
caveat is that at inordinately high irradiance values, where
the quasi-Fermi levels are within the valence or conduction
band—namely, when V,,. approaches Ey/g—cell absorption
is reduced and V. (T,X) — E4(T)/q [14] in lieu of Eq. 5a.)
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decreases as V,. and X increase and (ii) is minimal in
the radiative limit. Beyond the aim of establishing
results for the ideal limit, the analysis for FF was also
restricted to zero series resistance because there is no
universal generalization for non-negligible R;. The ob-
served trend, however, is for the magnitude of dFF/dT
to increase with R [9]. In serially connected multi-junc-
tion cells, FF and dFF/dT change with the degree of
current mismatch [9] and cannot be expressed analyti-
cally. (In exceptional cases where cells experience tun-
nel-diode transitions or suffer from Schottky contacts,
dFF/dT can deviate significantly from Eq. 16 and may
even become positive—not addressed here.)

3. RESULTS AND DISCUSSION

3.1. Short-circuit current density

The relative temperature coefficient dIn(J.)/dT was calcu-
lated as a function of E, for the AM1.5d (ASTM G173-03)

spectrum, 7'=25 °C (conditions that pertain to all calcula-
tions and data are noted in the succeeding paragraphs),
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an ideal EQE, and dE,/dT values of —0.26 and —0.46
meV/K (corresponding to Si and GaAs, respectively)—
plotted in Figure 1 together with experimental results for
a variety of single-junction cells. (The local minima in
Figure 1 reflect the atmospheric absorption lines in the
input spectral photon flux.) Consistent with corresponding
experimental results, the predicted dIn(J/)/dT increases
with E, because of lower photo-generated currents in
high-E, cells: from ~0.0001 K~! for low-E, materials with
dE,/dT=—0.26 meV/K, to 0.001 K™ for high-E, junc-
tions with dE,/dT=—0.46 meV/K. The modest discrepan-
cies are attributable to the non-ideal EQE curves of
realistic devices. Varying T by as much as 30K turns out
to have a basically negligible effect on dIn(J.)/dT.

3.2. Open-circuit voltage

Calculations of dIn(V,.)/dT as a function of E, are pre-
sented in Figure 2 and are compared with experimental
data, with both displaying the same trend: a decrease in
IdIn(V,)/dT1 with E, (due to a higher V). The measured
penalty for increased temperature is close to the values
calculated using Eqs. 9-10 and, as expected, larger in mag-
nitude than the basic lower bounds calculated for ideal
cells in the radiative limit. The differences between the ra-
diative limit and the quasi-empirical model decrease as E,
increases because of non-idealities (i.e., non-radiative
losses) being most pronounced at low E,.

To estimate the sensitivity of our calculations to cell
temperature, we recalculated dV,./d7T" at 80 °C and found
a change of only 3% relative to the value at 25°C,

X 1{;1'3

GaAs

' 08 t :jﬁ

a2C

«dJ /dT [K 1
(=]
o

o
.

SC

1/9
=}
%)

0 i
0.5 1 15 2 25
E_ [eV
s EBT)

Figure 1. din(Jso)/d T calculated for materials with dEg/dT=—0.26

(solid curve) and —0.46 meV/K (dashed curve). The solid trian-

gles represent the corresponding measured values of single-

junction cells, at one sun, for Ge (E4=0.66eV), GaSb

(0.726eV), c-Si (1.12eV), GaAs (1.42¢eV) and GalnP (1.86¢eV)
[6,10,24].
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Figure 2. The relative temperature coefficient of V. as a func-

tion of £y, at one sun, in the radiative limit and with the quasi-

empirical model (due to the insensitivity of these results to

dEy/dT, an average value of —0.36 meV/K was used), along with

corresponding data for single-junction cells (solid triangles) com-
prising the materials listed in Figure 1 [6,24].

both in the radiative-limit and with the quasi-empirical
approach, in agreement with experimental measurements
[12].

Figure 3 demonstrates the impact of flux concentration
on the magnitude of the temperature coefficient of V..
For example, for the E,=1.0¢V cell, when irradiance is in-
creased from 1 to 10* suns, the magnitudes of dV,,./dT and
dIn(V,.)/dT decrease by factors of 3 and 4, respectively.

3.3. Fill factor

The effects of irradiance and £, on the temperature coeffi-
cient of FF were calculated using Eqgs. 15-16 and were
compared with experimental data (Figure 4). dIn(FF)/dT
is negative, with a magnitude that decreases with both
irradiance and E,. Quasi-empirical model predictions are
consistent with the one-sun data, including lower-
magnitude temperature coefficients at higher E,.

3.4. Efficiency

dIn(n)/dT is the sum of the corresponding contributions of
the relative temperature coefficients of Jy., Vi, and FF, the
magnitudes of which vary differently with E, (Figure 5).
While the magnitude of the negative contributions of V.
and FF diminish as E, increases, the positive contribution
from J,. increases, so that, for ideal cells, dln(n)/dT is
essentially zero at E, >2.5¢eV. The quasi-empirical results
agree with experimental measurements of dln(r)/d7, with
magnitudes that noticeably exceed the basic lower bound
of the radiative limit.
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Figure 3. The temperature dependence of V. as a function of
Eg for varying flux concentration. (a) dV,/dT. (b) din(Voo)/dT.
Solid curves indicate the radiative limit. The dashed curve is for
the quasi-empirical model. For low-E4 materials at ultra-high irra-
diance, the curves coalesce because at such high carrier injec-
tion levels V., approaches Eg/g and hence ceases to increase
with irradiance. The range of flux concentration is prompted by
concentrator solar cell experiments having been reported up to
~10,000 suns, with 46,000 suns being the thermodynamic limit
for concentration in air.

Increased irradiance mitigates the efficiency penalty for
cell heating for all bandgaps (Figure 6). In the radiative
limit, there is a transition from negative to positive temper-
ature coefficient, favoring higher bandgaps.

3.5. Multi-junction cells

We calculated the relative temperature coefficients of V.
and J, for three different commercial triple-junction cell
architectures under the ideality assumptions noted previ-
ously. (Attention has been restricted to three-junction cells
as they represent the state-of-the-art of photovoltaic
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Figure 4. dIn(FA/dT as a function of Ey for different concentra-

tion levels. Solid curves denote the radiative limit. The dashed

curve is for the quasi-empirical model. Solid triangles represent

measured one-sun temperature coefficients for the materials
listed in Figure 1 [6,24].
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Figure 5. The relative temperature coefficients of Jse, Vo, FF,

and 7 at one sun. Solid curves indicate the radiative limit. For

clarity, the quasi-empirical model prediction is shown only for n

(dashed curve). Solid triangles denote measured din(n)/dT at
one sun for assorted solar cell materials [6,24].

technology for which there are published experimental
results against which to compare. The method depicted
here can be extended to four and five-junction cells at such
time as commercial devices and measurements thereon
become available.) The first two structures—which have
achieved efficiencies exceeding 41% under several hun-
dred suns [25,26]—have Ge as their lowest sub-cell: (A)
Gag 40In¢ 51P/Gag golng o1 As/Ge with respective bandgaps
of 1.86/1.41/0.66¢eV and (B) Ga0A3SIn0A65P/GaOA83In0A17AS/
Ge with 1.67/1.18/0.66 eV. The third structure (C)—designed
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Figure 6. Calculated din(7)/dT as a function of Eg for different

concentration levels. Solid curves are for the radiative limit. For

clarity and comparison, the quasi-empirical result is presented
only at one sun (dashed curve).
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_2 } o
_\:: 1
L
-2.5
W 1. 671.180.66 ¢V [6]

B P
10" 10" 10° 10° 10

concentration [suns]

Figure 7. The relative temperature coefficient of V. for 3 dis-
tinct triple-junction cells as a function of concentration (semi-
log plot). Dashed curves: the fundamental lower bound for
|dIn(Voo)/dT) of the radiative limit. Solid curve: calculated values
according to Eqg. 12, where the input information comprises
measured values of V. and dV,./dT at 11 suns (the lowest irra-
diance at which measurements in [12] were performed) and n(X)
(with n=4.2 for X< 800 and n=3 for X>800). The symbols indi-
cate data for similar structures [6,12].

for potentially higher efficiency—has bandgaps of 1.86/
1.41/1.04 eV, with a ~1eV sub-cell (e.g., GaInNAs) re-
placing Ge [27].

Because the middle sub-cell is current-limiting, the tem-
perature coefficient of Jy. is determined by the two upper
junctions (Eq. 3). Hence, dJ,/dT 1is estimated as
0.0066 mA/(cm>—K) for structures (A) and (C), and as
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0.0079 mA/(cmz—K) for (B). dIn(Js.)/dT was calculated
to be 0.00049 for (A) and (C), and 0.00047K~' for
(B)—figures in accordance with experimental data [10,12].
The calculated effect of irradiance on the temperature
coefficient of V. is illustrated in Figure 7 and is compared
with available data. As expected from Egs. 5, 7 and 10,
|dIn(V,.)/dT1 decreases logarithmically and non-negligibly
with concentration (confirmed by corresponding data). In
addition, at fixed irradiance, lower-magnitude temperature
coefficients were calculated for higher-E, structures, dem-
onstrating an additional potential advantage of choosing a
~1.0eV bandgap sub-cell instead of the traditional Ge.
The measured magnitude of dIn(V,,.)/dT is ~1.9-2.0 times
larger than the lower bound of the radiative limit, for all
values of flux concentration. Equation 12 again offers good
agreement with corresponding experimental results.

4. SUMMARY

The contributions of Jy., V., and FF to the temperature
dependence of 7 were investigated analytically, as a
function of E, and flux concentration, for single and
multi-junction concentrator solar cells, both (i) in the radi-
ative limit, for which fundamental bounds can be estab-
lished and (ii) with a quasi-empirical model that affords
favorable comparisons to available data.

Although the relative temperature coefficient of Jg
increases with E, and does not change with concentration,
the magnitudes of the relative temperature coefficients of
Vo and FF decrease with concentration (logarithmically)
and with E,. Indeed, for low-E, materials under low con-
centration, the temperature coefficient of 7 is dominated
by V.. However, for high-E, materials or at elevated
concentration, dIn(Jy.)/dT is comparable to (or even larger
in magnitude than) dIn(V,,.)/dT and ceases to play merely a
secondary role.

The efficiency penalty for cell heating decreases loga-
rithmically with irradiance, and in principle, the tempera-
ture coefficient of 7 (but not that of V.. or FF) could
become positive in the radiative limit at adequately high ir-
radiance and bandgap. In reality, however (i.e., for realistic
cell properties, bandgaps, and irradiance levels), din(n)/dT
will remain negative. Nonetheless, the reduction in the
magnitude of the negative dIn(n)/dT as irradiance increases
eases the burden on concentrator photovoltaic heat rejec-
tion systems (for a specified degree of cell heating).

The results for multi-junction cells follow the same
trends as for single-junction cells: a lower heating penalty
for cells that operate at high concentration and for cells
comprising high-E, materials. The calculated magnitude
of the temperature coefficient of V. decreased by ~60%
when irradiance increased from 1 to 10* suns, in agreement
with available data. For such cells, a method for determin-
ing dV,(X)/dT from a measurement of dV,./dT and n(X)
has been demonstrated and compared favorably against ex-
perimental data [12].
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The two models complement one another. The radiative

limit, when applied to V,. (the dominant parameter for
most cells at one sun), yields a lower bound for the magni-
tude of its absolute and relative temperature coefficients.
Compared with the available data, the results generated
using the quasi-empirical approach furnish a satisfactory
prediction for the temperature coefficients of V., FF,
and 7.
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