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Electroluminescence explored internal behavior of carriers
in InGaAsP single-junction solar cell
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The internal behaviors of carriers in InGaAsP single-junction solar cell are investigated by using electroluminescence
(EL) measurements. Two emission peaks can be observed in current-dependent electroluminescence spectra at low tem-
peratures, and carrier localization exists for both peaks under low excitation. The trends of power index α extracted from
excitation-dependent EL spectra at different temperatures imply that there exists a competition between Shockley–Read–
Hall recombination and Auger recombination. Auger recombination becomes dominant at high temperatures, which is
probably responsible for the lower current density of InGaAsP solar cell. Besides, the anomalous “S-shape” tendency with
the temperature of band-edge peak position can be attributed to potential fluctuation and carrier redistribution, demonstrat-
ing delocalization, transfer, and redistribution of carriers in the continuum band-edge. Furthermore, the strong reduction
of activation energy at high excitations indicates that electrons and holes escaped independently, and the faster-escaping
carriers are holes.
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1. Introduction

The quaternary alloy InGaAsP matching with InP has
the advantages of variable bandgap from 0.74 eV to 1.34 eV,
corresponding to a wide spectrum ranging from the visi-
ble to the near-infrared, which makes it a promising can-
didate for absorber material in both photodetectors[1] and
multi-junction photovoltaic (PV) devices[2–4] for space ap-
plications. Since Dimroth et al. reported the wafer bonded
four-junction GaInP/GaAs//GaInAsP/InGaAs solar cell with
a highest efficiency of 46.0% at approximately 500 suns,[5]

the InGaAsP solar cell has received more and more atten-
tion motivated by achieving higher conversion efficiency.[6–12]

In this regard, a better understanding of the internal behav-
iors of carriers in InGaAsP solar cell should be desired. On
the other hand, as is well known, quaternary alloy with dif-
ferent ionic radii is difficult to grow[13] because the misci-
bility gap inhibits the mixing of constituents within the al-
loy, different kinds of clustering (atomic ordering, quantum-
dots-like formations, and atomic content fluctuation, etc.) are
preferred to be formed due to the complex internal structure.
For example, atomic ordering was taken into consideration
more often in GaInP material,[14] quantum-dots-like forma-
tion was found in GaAsNP[15] and GaAs(In, Sb)N epilayers
related to the incorporation of group V element by analyzing
low-temperature photoluminescence (PL) spectra,[16,17] and

atomic content fluctuation has been experimentally observed
in InGaAsP and InGaAsB epilayers.[18,19] Just like quantum-
well (QW) structures, an undulating energy landscape caused
by localized potential fluctuations in the band structure was
formed.[20] Under these circumstances, localization and delo-
calization of carriers can be simultaneously existed, which will
significantly affect the optical and electrical properties of de-
vices. Unlike carrier dynamics of PL in the absorption thick-
ness of the epilayer, the electroluminescence (EL) may have
a potential to conduct an in-depth study on some fundamental
physical processes occurring inside p–n junction-based solar
cells under forward bias voltage.[21]

To the best of our knowledge, there are few reports on
the investigation of internal behaviors in InGaAsP solar cell
by using EL spectroscopy.

In this paper, the localized states, carrier transfer, and re-
distribution in InGaAsP single-junction solar cell with variable
injected current are studied by the temperature-dependent EL.
Two emission peaks are observed at low temperatures under
low excitation. The relationship of power index α with tem-
perature shows the competition between two kinds of recombi-
nation mechanisms. Besides, the position of continuum band-
edge peak displays an inverted “S-shape” tendency with tem-
perature increasing, and the behavior of carriers is discussed.
Furthermore, the correlations of integrated EL intensity with
temperature under different excitations are also investigated.
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2. Experiment
2.1. Epitaxy and fabrication of InGaAsP solar cell

Material growth was performed by Veeco Gen20A dual-
chamber all-solid-source molecular beam epitaxy (SSMBE)
system equipped with arsenic (As) and phosphorus (P) cracker
cells. Silicon (Si) and beryllium (Be) were used as n- and p-
type dopants, respectively. Before material growth, surface
pretreatment of InP (100) substrate was taken in the prepara-
tion module at 360 ◦C for 1 h, followed by thermal desorption
in the growth chamber at 495 ◦C (measured by pyrometer)
within phosphorus (P2) ambient for 5 min. The typical growth
temperature was 498 ◦C and the growth rate was 1 µm/h.
Figure 1 illustrates the schematic structure of the InGaAsP
single-junction solar cell. After epitaxy was completed, the
device structure was processed following the standard III–V
solar cell device procedure including lithography, develop-
ment, and electrodes.[10] The cell size was 2.5 mm×2.5 mm.
The metal in the frond grid was based on the AuGe/Ni/Au,
after the InGaAs contact layer was etched, an anti-reflecting
coating (ARC) layer of TiO2/SiO2/TiO2/SiO2 was deposited
on the devices with an average loss of less than 8%.

n InGaAs, 300 nm, 5T1018 cm-3 (contact)

p InGaAs, 400 nm, 3T1018 cm-3 (buffer)

n InGaAsP, 200 nm, 2T1018 cm-3 (emitter)

p InGaAsP, 2925 nm, 5T1016 cm-3 (base)

n InP, 30 nm, 3T1018 cm-3 (window)

p InP, 100 nm, 3T1018 cm-3 (BSF)

p InP, (001) substrate

Fig. 1. Schematic structure of InGaAsP single-junction solar cell.

2.2. Measurement of InGaAsP solar cell

The current density (J) versus voltage (V ) characteristic
of the InGaAsP solar cell was tested under AM1.5G spec-
trum which emitted from the Sun 2000 solar simulator pro-
duced by Abet technologies, and a silicon standard solar cell
(RR-32-0) was used to calibrate the irradiance. The EL mea-
surements were conducted on the InGaAsP solar cell that had
been mounted on the cold finger of a Janis closed-cycle cryo-
stat with a varying temperature range of 10 K–300 K. During
EL measurements, the direct current inputs were provided by
Keithley 2400 power supply, and the emission signal from the
sample was dispersed with a Horiba iHR320 monochromator
and detected by charge-coupled device (CCD) detectors.

3. Results and discussion
3.1. Device performance

As shown in Fig. 2(a), the device presents a short-circuit
density (Jsc) of 32 mA/cm2, an open-circuit voltage (Voc) of
0.56 V, according to a bandgap-voltage offset (Woc) of 0.55 V
based on the peak emission wavelength of 1160 nm from EL
measurements, and a fill factor (FF) of approximately 75.79%.
A conversion efficiency (Eff) of 13.85% is derived. The in-
set of Fig. 2(a) shows the current–voltage curve under dark
condition, according to the solar cell equivalent circuit of
the two-diode model, the current density can be expressed as
J = Jsc − J0(exp(qV/nkBT )−1), where J0 is the reverse satu-
ration current density, n is the ideality factor, kB is the Boltz-
mann constant, and T is the temperature in unit Kelvin. By
fitting the curve, we can infer that the reverse saturation cur-
rent is about 1×10−7 A, and n is 2.29, suggesting that recom-
bination current dominates in the space-charge region. Fig-
ure 2(b) displays the external quantum efficiency (EQE) of the
InGaAsP solar cell, the spectral response ranges from 300 nm
to 1200 nm, and the maximum value is about 80%. By inte-
grating the directed measured EQE values with AM1.5G solar
spectra, the current density is calculated to be 32.8 mA/cm2,
which is consistent with the measured value of Jsc from the
J–V curve.
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Fig. 2. Device performance of InGaAsP single-junction solar cell: (a) J–V
characteristic under AM1.5G spectrum, the inset shows the J–V character-
istic under dark condition, and (b) external quantum efficiency of InGaAsP
solar cell.
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3.2. Excitation-dependent EL spectra at 10 K

The EL spectra of InGaAsP single-junction solar cell with
a range of injected current from 10 mA to 100 mA measured
at 10 K are shown in Fig. 3. For the sake of clarity, the EL
intensity is displayed in arbitrary units. In addition to the con-
tinuum band-edge peak, a low-energy shoulder peak can also
be observed. For the convenience of comparison, PL spectra
are deconvoluted by using multiple Gaussian curves as shown
in the inset of Fig. 3(a). The peak positions with different in-
jected currents are extracted and presented in Fig. 3(b). With
the injected current increasing, slightly blue-shifts of the two
peaks are presented, which is mainly due to the state filling
effect.

1.06 1.08 1.10 1.12 1.14

0

2.0

4.0

E
L
 i
n
te

n
si

ty
 (

1
0

4
 a

rb
. 
u
n
it
s)

Photon energy (eV)

10 K

(a)

1.08 1.11 1.14

Peak 1 fit
Peak 2 fit
Fit sum
Exp.

Photon energy (eV)

100 mA

0 20 40 60 80 100

1.06

1.08

1.10

1.12

1.14

P
e
a
k
 p

o
si

ti
o
n
 (

e
V

)

Injected current (mA)

Continuum band edge peak

Localized states peak

(b)

10 mA
20 mA
30 mA
50 mA
80 mA
100 mA

Fig. 3. (a) Typical EL spectra of solar cell under different injected currents
at 10 K, with inset showing Gaussian devolution of EL spectrum, and (b)
variations of the peak position with injected current.

3.3. Excitation-dependent EL under varying temperature

Besides the emission peak position, the excitation-
dependent integrated EL intensity of the InGaAsP solar cell
is also examined for several different temperatures as shown
in Fig. 4 (in log–log scale). It is apparent that the intensities of
band-edge peaks and localized state peaks tend to saturate at
high injected current in a low-temperature range, which is nor-
mally a sign of the localization phenomenon.[22] Moreover, the
tendency becomes linear and sublinear with the temperature
increasing. Generally, the integral intensity is proportional
to the excitation power, which can be expressed as I ∝ Pα ,

where I and P represent the integrated intensity and excita-
tion power, respectively. And α is the power index whose
value depends on whether I increases super-linearly (α > 1),
linearly (α = 1), or sub-linearly (α < 1), corresponding to dif-
ferent recombination processes. It is said that when the steady-
state concentration of excited electrons is much larger than the
concentration in material, namely, ∆n � n, α = 2 will be ob-
tained if Shockley–Read–Hall (SRH) recombination is domi-
nant, and α = 2/3 will be obtained if Auger recombination is
dominant.[23] In our case, as shown in the inset of Fig. 4(a), the
fitted value of α is nearly 2 at low temperature and decreases
rapidly to 1 at around 150 K, and further reduced to about 0.7
at 300 K. The results suggest that SRH recombination appears
to be dominant at low temperatures, and it becomes less effec-
tive with temperature increasing.
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Fig. 4. (a) Variations of integrated EL intensity of continuum band-edge
peak with injected current in a temperature range of 10 K–300 K, with inset
showing relationship between power index and temperature, and (b) varia-
tions of localized states peak position with injected current at different tem-
peratures.

Meanwhile, Auger recombination begins to work, when
SRH recombination and Auger recombination are comparable
to each other, α = 1 is observed. As the temperature con-
tinues to increase, Auger recombination dominates the pro-
cess, which may contribute to the lower short-current density
of InGaAsP single-junction solar cell. It is said that rapid
thermal annealing can reduce defects in material and pro-
long the longer minority carrier diffusion length, which leads
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to more effective transport and collection of photo-generated
carriers.[10] Therefore, rapid thermal annealing can be taken to
improve the performance of InGaAsP solar cell.

3.4. Temperature-dependent EL spectra under fixed injec-
tion

Figure 5 presents the typical EL spectra of InGaAsP solar
cell at different temperatures under a fixed injected current of
20 mA. It is found that the intensity decreases with temper-
ature increasing and quenches at about 40 K due to the ther-
mal activation of non-radiative centers. However, the contin-
uum band-edge peak position presents an inverted “S-shaped”
temperature dependence. Besides, an asymmetric line shape
with a long high-energy tail and relatively faster declining low
energy edge is observed when the temperature is higher than
100 K. This phenomenon can be explained by the conventional
band-to-band transition model, which predominately reflects
the density of states of electronic structure and the Boltzmann
distribution of carriers.[24] Similarly, the intensity of the band-
edge peak decreases with temperature increasing, which will
be analyzed later.

To further study the spectral behaviors of emission peaks,
the peak position versus temperature is plotted in Fig. 5(b),
Gaussian devolution is alsoused to separate the two peaks.
A blue-shift of about 5 meV can be observed from 10 K to
50 K. As is well known, In and Ga atoms in InGaAsP quater-
nary alloys may randomly fluctuate, according to the Ander-
son localization concept. This kind of electronic states formed
in the disordered region in the continuum band-edge should
be localized states,[25] resulting in undulating energy land-
scape. At low temperatures, free carriers prefer to be trapped
at the bottom of localized states due to potential fluctuation
at the band edge. These trapped carriers are thermally acti-
vated and become more dispersed at higher temperatures, and
hence recombine at higher energy states, resulting in “blue-
shift”. When the temperature continues to increase, the carri-
ers escape from the fluctuation related to localized states in the
continuum band, and then the temperature-induced bandgap
shrinkage effect occurs, which contributes to a red-shift of
7.6 meV in a range from 60 K to 200 K. However, when the
temperature is higher than 200 K, the band-edge peak position
displays blue-shift tendency again. As described by band-to-
band transition model, the spectrum is a product of state den-
sity and occupation probability.[24] At higher temperatures, all
carriers are thermally escaped, transferred, and redistributed
between the fluctuated band and energy valley, and the oc-
cupation distribution turns broader and broader, leading to a
thermal redistribution and higher Fermi-level-like energy level
formed where carriers are recombined as higher-energy emis-
sion. Thus, the peak position shifts toward higher energy re-
gion. However, the temperature dependency of localized state

peak is not distinct at 20 mA, which is mainly due to the states
being filled and thus insensitive to temperature.
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Fig. 5. (a) EL spectra of solar cell at different temperatures with fixed in-
jected current of 20 mA, and (b) temperature-dependent peak position.

3.5. Temperature-dependent EL under varying injection

Figure 6 shows the plots of temperature-dependent peak
position varying with injected current. A similar inverted S-
shape tendency is found for all injection levels. It is obvious
that the blue-shift of continuum band-edge peak position from
10 K to 50 K turns smaller with injected current rising, which
can be attributed to the band filling effect.[26] Furthermore, as
shown in Fig. 6(b), the localized states’ peak positions all show
a blue-shift at 10 mA, while they keep almost stable with the
temperature increasing at 20 mA, and begins red-shift when
the injected current is over 30 mA. As mentioned in the Intro-
duction, quantum-dots-like formations can be another kind of
clustering in InGaAsP alloy, which will induce localized states
in the bandgap. Therefore, it is reasonable to assume that the
low-energy peak is caused by quantum-dots-like clusters.

To further understand the carrier behavior inside the In-
GaAsP solar cell, the Arrhenius-like equation is used to fit the
experimental data of the EL intensity,[27] which can be ex-
pressed as

I (T ) =
I0

1+C1 exp(−E1/kBT )+C2 exp(−E2/kBT )
, (1)
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where T is the measured temperature, I (T ) is the integrated
EL intensity, E1 and E2 are the thermal activation energies of
the non-radiative recombination process, C1 and C2 are the ra-
tio of non-radiative to radiative probability for different non-
radiative recombination mechanisms.
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The relationships between intensity and the reciprocal
temperature for the continuum band-edge peak position under
different injections are shown in Fig. 7. Figure 7 also shows
the experimental data of the continuum band-edge peak posi-
tion are fitted by Eq. (1) under different injections. The fitting
parameters are summarized in Table 1. Since the SRH recom-
bination dominates at low temperatures, E1 corresponding to
SRH recombination is expected to be much smaller than E2

corresponding to Auger recombination. It can be seen from
Table 1 that the values of E1 are in a rang of 3.34 meV–
6.44 meV for different injected currents. However, the value
of E2 monotonically decreases from 66.72 meV to 25.79 meV
with g injected current increasing. This phenomenon has also
been observed in InAs/GaAs quantum dots.[28] The strong re-
duction of activation energy at high excitations indicates that
electrons and holes escape independently, and tells which type
of carriers escape first. Besides, the activation energy is co-
incident with the barrier height of the faster-escaping carrier.
Since the holes are less confined, we can conclude that the
faster-escaping carriers in InGaAsP solar cell are holes. Fur-
thermore, the value extracted from the ratio of E2 is 38.6%

(25.79 meV/66.72 meV), which is in good agreement with the
reported value of 37% in Ref. [28].
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Table 1. Fitting parameters extracted by using Eq. (1).

Injected current (mA) C1 E1 C2 E2

20 1.98 3.34 517.01 66.72
30 5.94 5.15 476.27 56.30
50 8.27 5.81 268.92 38.42
80 12.23 7.46 330.22 38.43
100 8.28 6.44 138.87 25.79

4. Conclusions
In this work, InGaAsP single-junction solar cell grown by

molecular beam epitaxy (MBE) is fabricated and studied. The
J–V curve under dark condition suggests that recombination
current dominates in the space charge region. The EL spectra
of InGaAsP solar cell under a variable injection level at differ-
ent temperatures are also investigated. The results show band-
edge peak and localized states peak at low temperatures under
low injection, and the saturation trend of the intensity of both
peaks indicates the existence of carriers’ localization. The
trend of power index α extracted from excitation-dependent
EL spectra at different temperatures implies that there is a
competition between Shockley–Read–Hall recombination and
Auger recombination. With the temperature increasing, the
value of α decreases from 1.85 at low temperature to 0.7 at
300 K, indicating that Auger recombination is predominant,
which may responsible for the lower current density in In-
GaAsP solar cell. Meanwhile, the anomalous “S-shape” (blue-
red-blue) trend with the temperature of band-edge peak posi-
tion is attributed to potential fluctuation and carriers’ redistri-
bution in the continuum band-edge, and the blue-shift at high
temperature is caused by the broader distribution of escaped
carriers. The evolution of localized states’ peak position with
injection suggests that quantum-dot-like clusters are formed
in the bandgap. Furthermore, The EL intensities of InGaAsP
solar cell under different injection levels at several tempera-
tures are also examined, and the strong reduction of activation
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energy at high injection level demonstrates that electrons and
holes escape independently and the faster escaping carrier are
holes. To further improve the performance of InGaAsP solar
cell, rapid thermal annealing should be considered.
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