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The optoelectronic reciprocity theorem has been proposed as a theorem relating electroluminescence
(EL) and photovoltaic external quantum efficiency in solar cells. The theorem is vital for a fundamen-
tal understanding of solar cell operation and its application to device evaluation. Furthermore, with this
theorem, it is also possible to estimate the open-circuit voltage (Voc) of solar cells using the external
radiative efficiency (7.xt) obtained from the absolute value of EL emission intensity, even for solar cells
for which we cannot directly measure Voc, such as subcells of multijunction solar cells or individual Si
cells in modules and arrays. However, it is not a priori obvious that the optoelectronic reciprocity theorem
holds for the various solar cells that exist. In this study, we report the results of qualitative and quantitative
confirmation of the validity of the optoelectronic reciprocity theorem for high-efficiency Culn,_,Ga, Se,
(CIGS) solar cells fabricated by us. The results confirm that our CIGS solar cells qualitatively and quanti-
tatively satisfy the optoelectronic reciprocity theorem within the limits of measurement uncertainty. Also,
we experimentally confirm that the value of the diode ideality factor for the applied voltage dependence
of the EL emission intensity is exactly unity when the emission mechanism is the band-edge emission due
to the direct recombination of electron-hole pairs. Finally, the importance of the 5.y for improving solar

cell efficiency is explained.
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I. INTRODUCTION

Recently, there has been a dramatic increase in the
demand for solar energy technology for green energy [1].
The development of high-performance solar cells could
provide a reliable way to meet this demand. To develop
highly efficient solar cells, it is vital to know how much
room is left for improvement in the open-circuit volt-
age (Voc). Therefore, it is essential to understand the
theoretical limits of V¢ for solar cells under development.

Shockley and Queisser calculated the theoretical limit
of solar cell performance using the principle of detailed
balance. This principle states that “the rate of photon emis-
sion due to recombination is equal to the rate of absorption
of the same photon, when solar cells are in thermal equi-
librium” [2]. Both rates were given by F.y in Eq. (3.1)
in the original paper by Shockley and Queisser, which
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is the essential point of the Shockley and Queisser theo-
ries. The reason is that the theoretical limit value of the
reverse saturation current in the p-n junction /o sq is given
by 1osq = qF o, where g is the elementary charge.

In addition, the very important concept of external radia-
tive efficiency (7ext), which is an effective index of the
room for improvement left in Vo, has been introduced
[3-27]. The following equation expresses the relationship
between 7. and Voc when the emission mechanism is
the band-edge emission due to the direct recombination of
electron-hole pairs:

kgT
VOC = VOC,em + (%) lnrlexts (1)

where kp is the Boltzmann constant, and Voc em is the the-
oretical limit of V¢ because it is the Voc at 5 = 100%,
which means no nonradiative recombination. Therefore, if
the values of Voc.em are known, the value of Vo can be
estimated by substituting the measured value of 7ey into
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Eq. (1), even for solar cells for which we cannot directly
measure the value of Vo, such as subcells of multijunc-
tion solar cells [15] or individual Si cells in modules and
arrays [16].

One way to know the values of Vo em is to use the opto-
electronic reciprocity theorem. The optoelectronic reci-
procity theorem for solar cells gives a reciprocal relation-
ship between the light absorption and light emission prop-
erties of devices, and has been studied as follows. First, van
Roosbroeck and Shockley [28] described the relationship
between the photoluminescence (PL) emission spectrum
and the optical absorption coefficient spectrum. Lasher and
Stern [29] extended the relationship to nonthermal equilib-
rium states by considering the effects of quasi-Fermi-level
splitting (QFLS). Wiirfel [30] extended the relationship to
the electroluminescence (EL) emission of light-emitting
diodes (LEDs) and verified the relationship between QFLS
and applied voltage V. The first application of the the-
ory was made by Green et al., who applied it to LEDs to
develop high-efficiency silicon LEDs [31]. Subsequently,
the theory was applied to solar cells by Rau and Werner
[32] and Werner et al. [33], and finally organized by Rau
[3] to give the following equation for; gV > kg T:

V
$em(E) = EQE(E)¢pp(E)exp <13?T) , @)

where ¢em(E) denotes the EL emission spectrum when
voltage V'is applied, where E is the photon energy. EQE(E)
is the photovoltaic external quantum efficiency when the
direction of the incident light is perpendicular to the solar
cell surface. In addition, the following equation expresses
¢a(£) which is a black body emission spectrum at abso-
lute temperature 7, where /4 and ¢ are the Planck constant
and the speed of light in vacuum, respectively.

[ 2n E?
¢s(E)= (h3cz) (eE/kBT — 1> ’

Therefore, if we let Vocem be Vocrad When the optoelec-
tronic reciprocity theorem holds, we have

kpT J.
Vocmd = <i> 1n( se ) 3)
q J(),rad

where Jgc is the short-circuit current density, and J a4 1S
given by the following:

Jord = / EQE(E)dus (E)dE. @
0

This Vocyrad is called the radiative limit of Voc. Then,
substituting Vocem in Eq. (1) with Vocrad, we obtain the

following equation:

kgT
Voc = Voc,rad + 7 Inneys. Q)

Therefore, we can estimate the value of V¢ using Eq. (5)
when the optoelectronic reciprocity theorem holds, even in
solar cells for which we cannot directly measure the value
of Voc, by measuring nex, EQE(E) and calculating Voc rad
using Egs. (3) and (4).

However, it is not a priori obvious that the optoelec-
tronic reciprocity theorem of Eq. (2) holds in the vari-
ous solar cells that exist; there are cases where Eq. (2)
does not hold even qualitatively, as reported in Miiller
et al. [13]. Mattheis et al. [34] successfully reproduced
the PL emission spectrum from the absorptance spectrum
by considering fluctuations in the energy position of the
fundamental absorption edge in the absorptance spectrum
of Culn;_,Ga,Se; (CIGS) solar cells. For ¢-Si and CIGS
solar cells, Kirchartz and Rau [4] first confirmed that Eq.
(2) qualitatively holds, i.e., the following equation holds,

Pem(E) o EQE(E)¢pp (E). (6)

They did not consider fluctuations in the fundamental
absorption edge for their analysis, because the gradient of
the Ga : In composition ratios of their samples was dif-
ferent from those of Mattheis et al. [34]. Furthermore,
they examined whether Eq. (2) was quantitatively valid.
That is, they confirmed whether Eq. (5) holds for ¢-Si and
CIGS solar cells, although they used the current density
that was about 3 times the Jsc when they measured the
values of ney. Delamarre et al. [9] confirmed that Eq. (2)
holds for GaAs solar cells both qualitatively and quantita-
tively by taking the effect of series resistance into account.
Mochizuki et al. [16] confirmed both qualitatively and
quantitatively that Eq. (2) holds for Si solar cells.

Theoretically, some reports have predicted that the opto-
electronic reciprocity theorem does not hold in some cases.
Kirchartz et al. [6] showed by simulation that the opto-
electronic reciprocity theorem does not hold in p-i-n junc-
tion solar cells whose carrier mobility is extremely low
or whose main carrier recombination mechanism is the
Shockley-Read-Hall mechanism. Also, Aeberhard and Rau
[18] and Toprasertpong et al. [25] showed by simulation
that the optoelectronic reciprocity theorem does not hold
when the thickness of the space-charge region is greater
than that of the quasineutral region.

In this paper, we report the results of qualitative and
quantitative confirmation of the validity of the optoelec-
tronic reciprocity theorem given by Eq. (2) for high-
efficiency CIGS solar cells fabricated by us.
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II. EXPERIMENT AND METHODS

Let J gak(V) be the dark J-V characteristic. Let Jem(V)
be the number of electrons converted to photons based on
the radiative recombination per unit time. By using ¢em(E)
introduced in Sec. I, J¢n(V) is given as

Jem(V) = q/(; <z)em(E)dE (7)

Therefore, if we let Jen(¥) be Jaq(V) when the optoelec-
tronic reciprocity theorem holds and substitute Eq. (2) into
Eq. (7), we have

Jaa (V) = J ar @®)
ra = rad€X 5
d 0,rad€XP kT
where J a4 1s given by Eq. (4). Jem(V) is most generally
given by
qV
Jem =J em , 9
(V) = Jo.emeXxp (nkBT> ©)

where Jem denotes the prefactor when the optoelectronic
reciprocity theorem does not hold, and » denotes the diode
ideality factor. Theoretically, the value of # is exactly unity
when the EL emission mechanism is band-edge emission
due to the direct recombination of electron-hole pairs.
However, we generalize the formula and leave it as n.
Therefore, if the voltage Vocem is defined as the voltage
satisfying Jem(Voc,em) = sc, it is given by

kgT J.
VOC,em = (I’l B > ln( 5¢ ) .
q JO,em

If the optoelectronic reciprocity theorem holds and the
EL emission mechanism is the band-edge emission due to
the direct recombination of electron-hole pairs, Eq. (10)
reproduces Eq. (3).

As noted in Sec. I, we report the results of qualitative
and quantitative confirmation of the validity of the opto-
electronic reciprocity theorem given by Eq. (2) for high-
efficiency CIGS solar cells fabricated by us. The methods
used are as follows. First, we qualitatively validate that Eq.
(2) holds, implying that Eq. (6) holds. However, in this
study, we use the PL emission spectrum ¢pr (£) instead of
dem(E) to achieve this. In other words, we experimentally
measure ¢pr(£) and EQE(E) and confirm that

(10)

¢pL(E) x EQE(E)¢pp(E). (11)

Then, we quantitatively confirm that Eq. (2) holds. The
methods are summarized as steps (1)~(iv):

(i) Measure the EQE(E) spectrum and calculate the
value of J 1,4 using Eq. (4).

(i1) Experimentally determine J.,(¥) by measuring the
absolute value of the EL emission intensity.

(ii1) Fit Eq. (9) to the observed J (V) to determine the
most probable values of J ¢ ¢m and .

(iv) Compare the value of Jaq With Jgem to examine
whether they are equal.

Therefore, the uncertainties of Jo,g and Joem are very
important subjects in this study. We define the relative
standard uncertainties of Jg4q and Joem aS trag and uem,
respectively. In fact, uey, is larger than w4, as discussed
in the following. Therefore, in this study, we quanti-
tatively confirm the validity of the optoelectronic reci-
procity theorem by examining whether the value of Jg g
falls within the range of Joem(1 & tem). We also examine
whether the results of the fitting in step (iii) yield n = 1.

However, it is vital to note that if we cannot neglect the
influence of the series resistance, the value of the net volt-
age applied to the p-n junction Vi, is different from the
nominal applied voltage V" as follows:

Vine = V — RyerJ, (12)
where Ry, is the series resistance of the cell and J is the
density of the current flowing through the cell. Therefore,
in this study, we consider Vj, instead of ¥ in Eqgs. (1)—+9).

The CIGS absorber layer with a thickness of about
2 pm is fabricated by a three-step process using elemen-
tal Cu, In, Ga, and Se Knudsen cell sources in a vacuum
chamber on a soda-lime glass substrate with a Mo back
contact deposited on it by dc sputtering. Therefore, the
variation in the thickness direction of the band gap of
the CIGS thin film used in this study has a double grad-
ing structure [35]. The substrate temperatures for stages I,
II, and IIT are 350, 550, and 550 °C, respectively. Then a
CdS buffer layer with a thickness of about 30 nm is fab-
ricated on the CIGS absorption layer using the chemical
bath deposition method. A ZnO layer is deposited on the
CdS layer by rf sputtering and an n-type ZnO : Al layer
is deposited on it by dc sputtering. The thicknesses of the
intrinsic ZnO and n—Zn0O : Al layers are about 0.06 and
0.35 pum, respectively. Then, an Al grid electrode is formed
on the n-ZnO : Al layer by electron-beam evaporation.
Finally, an antireflection film of MgF, is deposited with
a thickness of 110 nm by thermal evaporation.

The device studied here comprises eight cells fabricated
on a single substrate. In this study, we measure the J-V
characteristics, PL spectra, EQE(FE) spectra, and the abso-
lute value of EL emission intensity to obtain Jey(Vin).
We use the measurement system called the WSL-2000
SCREMS developed by the ATTO Corporation to measure
the absolute value of EL emission intensity [36]. Here, it is
vital to note that we can measure only the number of pho-
tons with WSL-2000 SCREMS; the EL emission spectrum
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is unmeasurable. The methods for measuring J e (Vint) by
WSL-2000 SCREMS are summarized as steps (1)—(iii):

(i) Take an EL image with an appropriate exposure
time T for a given Vjy.

(i) Analyze the obtained EL image and obtain n(Viy),
the number of photons that pass through the camera’s lens
during the exposure time 7.

(i) Convert n(Vint) t0 J em(Vint)-

The actual procedure is as follows. First, let €2y be the solid
angle from the surface of the device looking into the cam-
era lens, which is Q¢=2.95 x 1073 sr in this study. Next,
an EL image is taken with an exposure time of 7| for a
given Viy. Then, if Qo <« 1, n(Viy) is given by

n(Vin) = (TOAC%) / " pen(E)E.
0

T

(13)

Here, the factor w appears because we assume that the
angular dependence of EL emission intensity follows Lam-
bert’s cosine law. A. is the area of the front surface of
the solar cell, which is 4. =0.522 cm?. Then J (Vi) is
expressed using n(Viy),

Jem(Vint) =dq ( ) n(Vint)~ (14)

ToA:20

By substituting Eq. (13) into Eq. (14), we have Eq. (7).
Experimentally, n(Vi,) is obtained as follows. The sig-
nal intensity L(Viy) measured using ATTO WSL-2000
SCREMS is defined as

L(Vin) = ToAe. (%) /oo¢em(E)S(E)dE,
0

where S(E) denotes the sensitivity of the measurement
system. Then n(Vjy) is obtained as

L(Vint)

n(Vin) = Sor
e

(15)

where S.¢ denotes the effective sensitivity of the system
and is determined to satisfy the following equation:

Seff/OO ¢em(E)dE = /Oo¢em(E)S(E)dE' (16)
0 0

Roughly speaking, S.g is the average value of S(E) in the
region where ¢y (E) > 0. Therefore, the value of Se will
be close to S(E¢) if ¢pem(E£) has a sharp peak at £ = F).
However, in practice in this study, we use ¢pr(E) rather

than ¢.n(E) to determine the value of Sey. Therefore, Seg
is practically determined to satisfy the following equation,

Seﬁfo ¢PL(E)dE=/O orL(E)S(E)E. (17)

Here, we need only the relative value of ¢pr(E) to deter-
mine Ser using Eq. (17). Therefore, in this study, the
absolute values of PL emission intensity are not calibrated,
and only the relative values of ¢p (E) are measured.

In this study, the calibration of the absolute value of S(E)
is carried out as steps (1)—3):

(1) Determine the relative value of the curve of S(E),
which is called the sensitivity curve.

(2) Calibrate the absolute value of S(E) at £ =1.08 eV
using the standard light source developed especially for
this purpose.

(3) The absolute value of S(E) is calibrated for all
photon energies E.

Therefore, in summary, the following operations (i}+(v) are
performed to determine the values of J em:

(1) Measure ¢pp(£) and determine the value of Se
using Eq. (17).

(i) Measure the value of L(Viy) using WSL-2000
SCREMS.

(iii) Calculate the value of n(Viy) using Eq. (15).

(iv) Substitute the result into Eq. (14) to obtain
Jem(Vint)-

(v) Fit Eq. (9) to the obtained result to determine the
most probable values of J ¢, and n.

In this study, we estimate the 7ey value. The quantum effi-
ciency of the solar cell as an LED, i.e., O gp(V), is defined
as

Jem (V)
N = . 18
OLep T (1) (18)
Thus, we define the nqy as
Next = OLep(Voc)- (19)

By substituting Eq. (18) into Eq. (19) and assuming that
Jaark(Voc) =J sc, 1.e., the “shifting approximation” [37]
holds, we obtain the following:

Jem(VOC)

T (20)

Next =

The value of the 7.y is obtained using Eq. (20).
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FIG. 1. Dark J-V characteristics (blue curve) and light J-V

characteristics (red curve) of the CIGS solar cells used in this
study.

ITI. RESULTS AND DISCUSSION

The eight cells used in this study are named SQ3720-3-1
to 8. Figure 1 shows the dark and light J-V characteristics
of the devices. Since the J-V characteristics of the eight
cells are analogous to each other, the results in Fig. 1 are
their average values. Table I presents a summary of the
solar cell parameters obtained from Fig. 1. Also, Table I
shows the R, Ren, Jo, and n values obtained by analyz-
ing the dark J-V characteristics, where Ry, and J denote
the shunt resistance and saturation current density, respec-
tively. Figure 2 shows the EQE(E) spectrum of the devices
used in this study as a blue curve. Because the EQE(E) of
the eight cells are analogous to each other, the results in
Fig. 2 are their average value. The value of Jsc calculated
from the EQE spectrum is 32.66 mA/cm?, which is very
close to the value listed in Table I, with a relative difference
of about 3.6%. Therefore, the uncertainty of the EQE spec-
trum shown in Fig. 2 is considered to be of the same order
of magnitude. In Fig. 2, the red curve is the PL emission
spectrum ¢p(E). As stated before, this study measures
only the relative values of ¢pr (£). The EQE(E) shows that
the band-gap energy E, is E; ~ 1.15 eV. ¢p (E) indicates
that the PL emission spectrum is highly monochromatic
and has a sharp peak at £ ~ E,. Therefore, the mechanism
of the PL emission is considered to be band-edge emission.
Hence, the mechanism of the EL emission of the eight cells
is also deemed to be band-edge emission with a sharp peak
at E~ E,. The blue circles in Fig. 3 represent the result

TABLE 1.

1.0 T T T T T I
@
T 08F _
]
<
©
~ 06 —
u
T
S
2 04 — EQE(E) .
g — pL(E)
L — —
4 0.2
w
0.0 | | | | |

0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
Photon energy (eV )

FIG. 2. EQE(E) spectrum (blue curve) and PL emission spec-
trum ¢p(E) (red curve) of the CIGS solar cells used in this
study.

of the calculated right-hand side of Eq. (11), and the red
line is the PL spectrum. In Fig. 3, they are in good agree-
ment, confirming that Eq. (11) is valid. Therefore, it can be
qualitatively confirmed that the optoelectronic reciprocity
theorem given by Eq. (2) holds for the CIGS solar cells
studied in this work. The cause of some noise in the blue
circles at £ < 1.1 eV is that the value of EQE(FE) is small
in that region.

Next, to accurately calculate the integral of the right-
hand side of Eq. (4), we need to precisely extend the
EQE(E) spectrum in Fig. 2 to the lower-energy side. The
reason is that the EQE(E) on the right-hand side of Eq. (4)
makes a significant contribution to the integration in the
low-energy region, because ¢ggp(£) has a high value in the
region. According to Eq. (11), the result of dividing ¢p(E)
by ¢pp(£) at T=300 K should have the same E depen-
dence as EQE(E). In Fig. 4, the red curve is the result of
dividing ¢pr (E) by ¢p(E) at T=300 K, and the blue cir-
cles are EQE(E) in Fig. 2. Here, we multiply the red curve
by an appropriate coefficient. The agreement between them
is good, indicating that it is reasonable to use this method
to extend EQE(E) to the low-energy side [14]. Multiplying
¢Br(E) at T=300 K to the EQE(E) thus extended to the
low-energy side, we obtain the integrand EQE(E)¢pp(E)
of the right-hand side of Eq. (4) shown in the inset of Fig. 4
as a green curve. The result is in excellent agreement with
the PL spectrum shown in Fig. 3, which is quite reasonable.

Then the function shown in the inset of Fig. 4 as a green
curve is substituted into the right-hand side of Eq. (4) and

The solar cell parameters obtained from the dark and light J-V characteristics in Fig. 1, where n and FF are conversion

efficiency and fill factor, respectively. The values of Ry, Rsh, Jo, and n are obtained by analyzing the dark J-J characteristics.

n (%) Voc (V) Jsc (mA/em?) FF

Rsh (Qcmz)

Ryer (2cm?) Jo (mA/cm?) n

19.5 0.74 339 0.77

1.2 x 104 0.69

1.50 x 1078 1.35
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FIG. 3. Blue circles are the results of the right-hand side of
Eq. (16) calculated using both EQE(E) spectrum shown in Fig. 2
and ¢gg(F) at T=300 K. Red curve is the PL emission spectrum
shown in Fig. 2.

by integrating, we obtain

/ EQE(E)¢gg(E)dE = 1.1 x 10° photons m~2 s~!.
0
(21)

Therefore, the value of J 1.4 given by Eq. (4) is expressed
as

Jorad = 1.8 x 1071 mA /em?, (22)

Substituting the result of Eq. (22) into Eq. (3) to calculate
the value of Vocraq yields the following result:

Vocrad = 0.91 V. (23)

This result is illustrated diagrammatically in Fig. 5,
along with the green curve showing J..4(Viy) given
by Eq. (8). Thus, the result of E,~1.15 eV yields
AVocrad = Eg/q — Voc raa=0.24 'V, which is very close to
the value assumed in our previous study (0.23 V) [20-23]
and reported by Yao ef al. (0.231 V) [14]. As the rela-
tive uncertainty in the EQE spectrum is about 3.6%, as
mentioned previously, the maximum relative uncertainty
of the results of Egs. (21)+23) is considered to be about
5%, which implies that the maximum value of w4 is also
considered to be about 5%.

Table II shows the values of J.n(Viy) for the cells
SQ3720-3-1 to 8 (units are mA/cm?). Table II also shows
the density of injected current J 4, and the value of the
applied voltage V' when we measure the EL emission inten-
sity, and value of Vi, obtained from Eq. (12). Figure 6
illustrates the results of Table II, where the colored cir-
cles indicate the Jem(Vine) value. Then, we fit Eq. (9) to
the Jem(Vine) shown in Fig. 6 to obtain the most probable

10" F T T T T T A
o| = #eL(E)des(E)
10° - o EQE(E) TIXXxx
—1 L |
@ 10 )
o e .
< 10 12x10° T T T T
a 10°r ) L o10p 1
S 0tt LA S il
kel < g
& 5| [ 6 b
— 10 o b
w c o 4+ B
o 10° Ys
g ‘ 8 2r 4
10*7_ | e i) . 1 1
0.9 1.0 1.1 1.2 1.3 1.4
10°F
Photon energy (eV)
10k ! ! ! ! L +
0.8 1.0 1.2 14 1.6 1.8 2.0

Photon energy (eV)

FIG. 4. Red curve is the result of dividing ¢pp (E) by ¢sp(E)
at 7=300 K, where the red curve is multiplied by an appropri-
ate coefficient. Blue circles are EQE(E) shown in Fig. 2. Inset
shows the EQE(E)¢pp(£) where EQE(E) is extended to the
lower-energy side by the red curve.

values of Jyem and n, yielding the following results:

Joem = 294+ 1.5) x 107 ¥ mA/em?,  (24)

n=1.00140.018, (25)

where 1.5 x 107'* mA/cm? and 0.018 are the standard
deviations of the uncertainty of the most probable values.
Figure 6 shows the fitting results with a red curve, which
indicates a good fit. For reference, the curve obtained by
substituting Eq. (22) into Eq. (8) is also shown by the blue
line in Fig. 6.

J (mA/cm?)

Jsc = 33.91

0.12+ ‘
0.0761 ‘ -
| |
| |
T T Vint V)
0 Vocdark 0.76 Voc.em Voc rad
0.75 0.90 0.91

FIG. 5. Schematic representation of the results of this
study. 7fext =0.12/33.9 =0.0035. 1y =0.076/33.9 =0.0023.
Hence, Next/Next. = 1.6. Ving=0.76 V is the voltage satisfying
Jrad(Vint) =Jem(VOC,dark)-
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We estimate the value of u.n, as follows. The value 2 ﬁ
of uey 1s influenced by two factors: (i) the measurement = S
uncertainty #; of Jem(Vine) summarized in Table II, and § g enyrueraTs
(ii) the uncertainty up of the most probable value of > glesszszogee
Jo.em Obtained based on least-squares fitting. Therefore, we &
approximately estimate the value of uey, by :S ~
3 |2
= Q
tem % /45 + 1. (26) HEEEEEER R
2 NI OO DDODOoDOoDOo OO
Equation (24) shows that ux is about 52%. Equation (14) s
suggests that the factors contributing to u; are the uncer- E :f
tainties of Ty, 4., 29, and n(Viy). Equation (15) indicates g <
that the factors contributing to the uncertainty of n(Vi,) are £ % g E § % § § £ § §
the uncertainties of L(Viy) and Seg. Let the relative stan- 2 n|cococcococsaso
dard uncertainties of Ty, 4., 20, L(Vint) and Seg be uz, uy, {;
ug. ur, and ug, respectively. ug corresponds to the calibra- f Q
tion uncertainty of our photodetector, which measures the & 3'
absolute value of the EL emission intensity. Because the = DInNYLe9382R
operations used in Eqs (14) and (15) are the product and - glecseszzozse s
quotient, the value of u, is 4;-':;
ujz\/uzT—{—ui—i-ué—}—u%—i-ug. (27) ‘E é CnmTieDgY
£ o|leSS——amax
We estimate the value of ug using the following steps: = nlecececeeeesee
First, we estimate the relative standard uncertainty of the =
relative value of S(£), and set it to u;. Then, we esti- & -
mate the relative standard uncertainty of the standard light 5 S
source used in step (2) (see Sec. II), and set it to u,. Thus, QE g § g § % % E § § §
ug is given by o A|lScSsSSccsoc s
<
= a
us = \Ju2 + 122, (28) 5 |
oo S
e AR
In this study, we estimate the values of u; and u, to be I glcsszsz28222
about 10%. Thus, the value of ug is estimated to be about 8'
14%. The relative standard uncertainty u; of L is estimated [y —
to be about 2%. It is difficult to accurately estimate the 14 2:
values of ur, uy, and ug; however, it is expected that the % § Yl omin = o o
maximum values will not exceed 10%. Therefore, the max- So8|e88S2838AT
imum value of u,; obtained from Eq. (27) is considered to £ ; nleceeseeee
be 25%. Thus, combined with the aforementioned result 8 E _
that the value of ur is about 52%, the value of u.,, obtained 2R 2|le—=0wvawnsa
from Eq. (26) is estimated to be about 57%. Thus, the 5%‘ E ERS 88 SRRE
value of Jgag= 1.8 x 107!* mA/cm? reported in Eq. (22) .§ 5 cesessssS
falls within the range of Joem(1 £ ttem) =(2.9+1.7) x s -El - _
10~1* mA/cm?. Therefore, we can conclude that the opto- g gz E § § (S 5 § % Z §
electronic reciprocity theorem given by Eq. (2) is quanti- S é LR
tatively valid for the CIGS solar cells investigated in this 20
study within the measurement uncertainty limits. Further- =3 :'E\
more, Eq. (25) is experimental confirmation that the value =2 3
of the diode ideality factor for the applied voltage depen- . g E O < h o O 06~
dence of the EL emission intensity is exactly unity when o 2 2|22 HR389S
the emission mechanism is the band-edge emission due to FEINSIaZ28ETHEER
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10 = T T T T g
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< F ]
£ . ]
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' 01F 3
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o ' ® SQ3720-3-1 © SQ3720-36 |
5 001F SQ3720-32 ® SQ3720-3-7
O F SQ3720-3-3 ® SQ3720-3-8 3
L SQ3720-3-4— Eq. (9) ]
- ® 5Q3720-3-5— Eq. (8) ]
0.001 | | ! . N
0.70 0.72 0.74 0.76 0.78 0.80

Vint (V)

FIG. 6. Values of Jem(Vint) in Table II are shown by colored
circles as a function of Vj,. Red curve is the result of fitting Eq.
(9) to the colored circles. Blue curve is obtained by substituting
Eq. (22) into Eq. (8).

the direct recombination of electron-hole pairs. Substitut-
ing Egs. (24) and (25) into Eq. (10), we can calculate the
value of Vocem, Which yields the following result:

Vocem = 0.90 V. (29)
This result is illustrated diagrammatically in Fig. 5, along
with the blue curve showing J . (Vint) given by Eq. (9).

The J gark-dependence of O gp calculated using the data
in Table Il yields the results shown by the colored circles in
Fig. 7. Figure 7 shows that O gp increases monotonically
with increasing J 4ar. The following explains the reason for
the dependence on J g First, the J ga-Vint characteristics
J qark(Vint) are generally given as

Vin
Jdark(Vint) =Jy eXp (q t) P (30)

l’lkBT

where 7 is the diode ideality factor, which is n =1.35 for
the CIGS solar cells used in this study, as is shown in Table
L. Then, J em(Vint) 1s most generally given by Eq. (9), where
n=1 is confirmed by Eq. (25). Therefore, setting n =1 in

6x10°F | | | | A
5 —
4 -
o
g °r
2 $ ® SQ3720-3-1 e SQ3720-3-5 .
SQ3720-3-2 SQ3720-3-6
SQ3720-3-3 @ SQ3720-3-7
1 SQ3720-3-4 e SQ3720-3-8 —
— Eq.(32)
0 | | | ! +
0 20 40 60 80 100

Current density (mA/cmz)

FIG. 7. Values of Qrgp calculated using the data in Table II are
shown by colored circles as a function of injected current density
Jdark. The red curve is the result of substituting the results of
Table I and Eq. (24) into Jy and Joen respectively in Eq. (32)
and setting n = 1.35.

Eq. (9) and substituting the result and Eq. (30) into Eq.
(18), the Vi dependence of the Oy gp is given by

JO em q Vint (n=t/m
int) = - . 1
Qrep (Vi) ( Jo ) {eXp ( kBT)} Gh

Thus, substituting Eq. (30) into Eq. (31), QOiep is
obtained as a function of J 4,k as

JO em n—
Oiep = (W) Jaar" ™"

(32)

The red curve in Fig. 7 is obtained from the substitution
of the result of Table I and Eq. (24) into Jo and Joem,
respectively, in Eq. (32) and setting n=1.35. The agree-
ment between the theoretical curve and the measurement
results is excellent. Therefore, it is confirmed that the main
reason for the J-dependence of the Q) gp shown in Fig. 7 is
because of the difference in the values of the diode ideality
factor n between J gark (Vint) and J ey (Ving)-

TABLE III. A comparison of the results obtained in this study with the device performance and 7.~ estimated for our best-
performing CIGS solar cells (SQ3614-4) [38] and the CIGS solar cells reported in Ref. [39], whose conversion efficiency is currently

the highest in the world.

Devices Eg(eV) 1 (%) Voc (V) Jsc (mA/em?)  FF Vocem (V) Next (%) Vocrad (V) Next” (%)
This work 1.15 19.5 0.75% 33.9 0.77 0.90 0.35 0.91 0.22%
Ref. [39] 1.08 23.35 0.734 39.6 0.804 0.85¢ 1.13
SQ3614-4 1.16 22.0 0.785 34.8 0.81 0.93¢ 0.31

#The value of Voc in this work is the value of Voc dgark given by Eq. (33).

5The value of 7ey~ in “This work” i8 fex™ = fexi/1.6.

°The Voc raq values for SQ3614-4 and Ref. [39] are estimated by Voc rad= E4/q — 0.23.
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If we define the voltage Voc dark as the voltage that sat-
isfies J gark(Voc.dark) = J sc, then it is given by the results of
Eq. (30) and Table I as

Vocdak = 075V (33)

This result is illustrated diagrammatically in Fig. 5,
along with the red curve showing J g,k (Vint) given by Eq.
(30). This value is close to the Voc=0.74 V in Table
I, but slightly different. The reason for the difference is
that the shifting approximation [37] does not hold. That
is, the light J-V curve shifted by Jgc is slightly different
from the J gar-Vint curve. Finally, the value of ey for this
device obtained from Fig. 7 is nex = 0.0035. Substituting
this value and Vocem=0.90 V given by Eq. (29) into Eq.
(1) to calculate the value of V¢, we obtain the value in
Eq. (33). Furthermore, by substituting the above 1.y val-
ues into Eq. (5) along with Vocrg=0.91 V given by Eq.
(23), we obtain Voc=0.76 V. This is the voltage that satis-
fies J1ad(V) =J em(Voc,dark) as illustrated diagrammatically
in Fig. 5.

If we define 7.y as the result obtained from solving Eq.
(5) for neyt, we have

Next” = €Xp { (@LT) (Voc — VOC,rad)} . (34)

Substituting Vocgak in Eq. (33) and Vocra in Eq.
(23) into Voc and Vocra in Eq. (34), respectively,
yields 7eq =0.0023, which agrees with the value of
Next = 0.0035 within the limits of our measurement uncer-
tainty. These results are shown diagrammatically in
Fig. 5, with the value of Jem(Voc dark) = 0.12 mA/cm? and
Jrad(Voc.dark) = 0.076 mA/cm?. The voltage Vi =0.76 V
satisfying Jrad(Vint) :Jem(VOC,dark) is also shown in Flg 5.
Table III summarizes these results with the device per-
formance and the value of 7. estimated for both our
best-performing CIGS solar cell (SQ3614-4) [38] and
the world’s highest-efficiency CIGS solar cell reported
by Nakamura et al. [39]. Here, the values of Vocraa for
SQ3614-4 and the device reported by Nakamura et al. [39]
are estimated by Voc raa=Eg/q —0.23. Also, the value of
Voc in “this work” in Table III is the value of Voc gark
given by Eq. (33). Table III shows that the cells with higher
conversion efficiency also have higher 1.y values. Figure
8 shows chronological improvements in conversion effi-
ciency for CIGS solar cells reported in previous studies
[39—42] and 7.y values analyzed for CIGS solar cells. The
Next Values show a good measure for efficiency potential for
CIGS solar cells. High- efficiency CIGS solar cells with an
efficiency of >26% can be realized by increasing the ney
from 1% to 10%.

24 FF T T | H 10
/. E4
23~ _@- Efficiency e® 1
S 22p @ Ten S o
= » 3 S
2 211 A <
Q2 " ® 5 %
S :8 -8 2
= 20k 501
o -0 §4
19 @) ]
2
18 I I I H 0.01
2000 2005 2010 2015 2020
Year
FIG. 8. Chronological improvements in conversion efficiency

for CIGS solar cells reported in previous studies [39—42] and 7et
values analyzed for the CIGS solar cells. The 7¢y values show a
good measure for efficiency potential for CIGS solar cells.

IV. CONCLUSION

We experimentally confirm whether the optoelectronic
reciprocity theorem holds for the high-efficiency CIGS
solar cells we fabricated. The results indicate that the
CIGS solar cells qualitatively and quantitatively satisfy
the optoelectronic reciprocity theorem within the limits
of our measurement uncertainty. The value of Vocrag cal-
culated from the EQE spectrum is Vocraa=0.91 V, thus
A VOC,rad = Eg/q — VOC,rad= 0.24 V, where Eg ~1.15eVis
the band-gap energy of the CIGS solar cell studied in this
paper. This value is very close to the value assumed in our
previous study [20-23] (0.23 V) and that reported by Yao
et al. [14] (0.231 V). We also confirm that the value of the
diode ideality factor for the applied voltage dependence of
the EL emission intensity is exactly unity when the emis-
sion mechanism is the band-edge emission due to the direct
recombination of electron-hole pairs. The importance of
Next for improving solar cell efficiency is explained in this
study.
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