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A B S T R A C T

Material quality is a critical factor which determines the performance, particularly the open-circuit voltage, of
multiple quantum well (MQW) solar cells. In this study, we report an electroluminescence-based characteriza-
tion technique for evaluating luminescence efficiency and Shockley-Read-Hall recombination lifetime in MQW
structures as a measure of the material quality. As a demonstration, various structures of InGaAs/GaAsP MQWs
inserted in GaAs solar cells are investigated. The complete compensation of strain and the insertion of GaAs
interlayers between heterointerfaces result in significant improvement of electroluminescence homogeneity,
external luminescence efficiency, and lifetime, agreeing well with the tendency of the open-circuit voltage. We
show that this characterization technique can detect even subtle degradations, which are not easily detectable by
other typical techniques, such as in-situ reflection, X-ray diffraction, and spectral and transient photolumines-
cence, but still have a significant impact on the performance of solar cells.

1. Introduction

III-V multi-junction solar cells are the dominant technology in the
space application and offer a potential approach to reduce the
electricity generation cost of terrestrial solar cells, owing to increased
conversion efficiency [1]. With the use of materials with different
bandgaps, multi-junction solar cells today are the most efficient solar
cell technology with energy conversion efficiencies above 40% at
submodule level [2]. Nevertheless, their efficiencies are still much
lower than the theoretical value [3] and leave large room for improve-
ment. One main issue which hinders the efficiency improvement is a
lack of high quality materials with optimal bandgaps while being
lattice-matched with the underlying substrate. The requirement of
lattice-matched materials with optimal bandgaps becomes more severe
in solar cells with a larger number of junctions.

Strain-balanced multiple quantum well (MQW) structures have
been proposed as promising materials to realize the optimal bandgap
combination [4]. They consist of compressively-strained wells whose
absorption profile can be engineered, and tensile-strained barriers
which compensate the strain before the well layers reach the critical
thickness. By alternately stacking wells and barriers, a structure with
the designed effective bandgap can be achieved with zero net strain,

thus effectively lattice-matched. In this way, strain-balanced MQWs
expand the possible bandgap range for lattice-matched materials.
Various III-V alloy materials have been explored [5–10], and there is
a report that MQWs improve the efficiency compared to the standard
multi-junction solar cells [11].

Similarly to other solar cells, material quality is a critical parameter
that affects the performance of MQW solar cells. In addition to the
quality of each layer, MQWs may suffer from quality issues related to
their large number of heterointerfaces. In strain-balanced material
systems, strain in each layer or imperfect strain-balancing condition
can be possible factors that degrade the quality. Therefore, an appro-
priate characterization technique for evaluating the quality of MQWs is
important for systematic improvement of growth condition, structure
design, and hence device performance.

Electroluminescence (EL) is a well-known technique for character-
izing material properties. EL intensity is directly related to the material
quality, and the concept of external and internal luminescence effi-
ciency, parameters indicating how close the cell is to the radiative limit,
has recently been used for more quantitative analysis of EL [12–14].
EL has been used to evaluate a wide range of solar cells including
silicon, III-V, Cu(InGa)Se2, organic, and multi-junction solar cells [13–
18]. In this paper, we introduce this EL technique to evaluate the
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luminescence efficiency, non-radiative recombination lifetime, and
consequently the quality of MQW structures. InGaAs(well)/
GaAsP(barrier) MQWs with different strain accumulations and differ-
ent heterointerface treatments is investigated using EL as well as other
characterization techniques, and the comparison among the techniques
is discussed.

2. Methods and experimental procedure

2.1. Sample preparation

MQW solar cells in this study were grown in a horizontal metal-
organic vapor phase epitaxy reactor (AIX 200/4, AIXTRON) on (001)
n-doped GaAs substrates under the pressure of 10 kPa and the
temperature of 610 °C. Trimethylgallium, trimethylindium, tertiarybu-
tylarsine, and tertiarybutylphosphine were used as main precursors
and dimethylzinc and hydrogen sulfide were used as doping precursors
with H2 carrier gas. The cell structure is shown in Fig. 1(a). In the i-
region, the unintentional background p-type doping was compensated
by a proper amount of hydrogen sulfide [19] so that the net carrier
concentration became below 5×1014 cm−3.

Two sets of 10-stack In0.2Ga0.8As/GaAs0.6P0.4 MQW structures
were employed. All MQW structures were confirmed by X-ray diffrac-
tion measurement (XRD). As shown in Fig. 1(b), the first set consisted
of In0.2Ga0.8As with the fixed thickness of 5.9 nm and GaAs0.6P0.4 with
the thickness of 5.9, 9.4, 12.4 or 24.8 nm. The MQW with 5.9-nm
GaAs0.6P0.4 was strain-balanced and the remaining MQWs had aver-
aged tensile strains of 3300, 5000, 8800 ppm, respectively. All MQWs
had the effective bandgap of 1.283 ± 0.001 eV as confirmed by EL and
photoluminescence (PL) peaks at room temperature. The degradation
from imperfect strain balancing has been reported [20] and is a
straightforward demonstration of the EL technique.

As shown in Fig. 1(c), the second set contained two strain-balanced
MQW structures without and with GaAs interlayers inserted in between
wells and barriers: In0.2Ga0.8As(6.1 nm)/GaAs0.6P0.4(6.2 nm)
MQW and In0.2Ga0.8As(4.5 nm)/GaAs(3.0 nm)/GaAs0.6P0.4(4.5 nm)/
GaAs(3.0 nm) MQW. The thicknesses of wells and barriers were
adjusted so that the effective bandgaps became close, 1.273 and
1.276 eV for MQWs without and with interlayers, respectively. It has
been reported that the insertion of GaAs interlayers improves the
crystal quality and helps increase the number of quantum-well stacks
before the lattice relaxation occurs [21]. We applied the EL technique
to investigate this quality improvement in a more quantitative manner.

The size of mesa-etched cells was 2.04×2.04 mm2 with Ag(5 nm)/
Au(400 nm) front ohmic electrode, leaving the cell aperture area of
2.53 mm2 as shown in Fig. 1(d). No anti-reflection coating was applied.
In addition to 10-stack MQW solar cells, we grew 20-stack MQW test

samples with the same structures shown in Fig. 1(b)-(c) to obtain more
comprehensive in-situ reflectance data, which will be mentioned in
Section 3.3.

2.2. Electroluminescence measurement

The photon flux per unit energy per unit solid angle ϕEL emitted
from a flat surface and observed as EL is given by the generalized
Kirchhoff's law [22,23]

ϕ E μ θ A E θ θE
h c E μ k T

( , Δ , ) = ( , ) 2 cos 1
exp[( − Δ )/ ] − 1

,
B
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where E is the photon energy, Δμ is the quasi-Fermi level splitting, θ is
the emission angle, A is the light absorptivity at the incident angle θ, h
is Planck's constant, c is the speed of light, kB is Boltzmann's constant,
T is the temperature. This equation assumes that Δμ has a constant
value in the absorbing materials. For devices with sufficient collection
efficiency of photogenerated carriers, the absorptivity can be estimated
from external luminescence efficiency (EQE). Furthermore, the high
refractive index of III-V materials (around 3.5) bends the incoming
light to be almost perpendicular to the surface, resulting in the small
variation of optical path length inside the MQW region by less than 5%
and allowing us to neglect the incident angle dependence of A. In this
way, the total photon flux ΦEL from the device surface can be obtained
by integrating ϕEL over solid angle Ω and energy E [24]:
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In (2), the term E μ k Texp[( − Δ )/ ]B is approximated to be much
larger than 1. In this study, all MQW samples show EL intensity from
GaAs, the host material, 2 orders of magnitude lower than the EL from
MQW; thus we neglect the recombination originating from GaAs in the
discussion thereafter.

The external luminescence efficiency or external radiative efficiency
ηext is defined by the ratio of the number of photons emitted from the
device to the number of charge carriers injected as current, and can be
expressed as

∫η q dS J S q J= Φ / = Φ / ,
S

ext EL inj EL inj (3)

where q is the elementary charge, S is the surface area, Jinj is the
injection current density, and < > is the average over the device area.

Samples were mounted on a Peltier temperature controller set at
25 °C to measure their EL images with a CCD camera (pco.1300, pco.).
The pixel relative sensitivity of the CCD array was calibrated with a
Lambertian light source diffused by an integrating sphere (IS200,
Thorlab). In order to obtain the accurate values of ηext, the absolute EL
measurement is needed. However, such measurement requires a
specially calibrated system [23,25], which is not easily available. We
employed the method reported in [26] for approximately calibrating
the absolute EL from a typical optical system. That is, the measured EL
with arbitrary unit (Φexp) and the actual EL (ΦEL) are related by the
measurement constant C:

μ C μΦ (Δ ) = Φ (Δ ).exp EL (4)

Under low current regime where the voltage drop in the series
resistance is negligible, Δμ can be approximated by the applied voltage
V. Hence, C in (4) can be obtained by substituting μ qVΔ = in (2) and
(4). The value of C should be universal for samples which are optically
similar and are measured by the same optical setup. Moreover, since
this calibration method is based on the assumption of a constant Δμ,
devices with high transport properties should be used to obtain C. We
found that 4 MQW samples, the first two MQWs in Fig. 1(b) and the
two MQWs in Fig. 1(c), gave the same value of C.

Fig. 1. Schematic of (a) cell structure containing 10-period MQW (not to scale), (b)
MQWs with different barrier thicknesses. The right table shows the barrier thickness and
averaged strain. (c) MQWs without and with GaAs interlayers. (d) Cell picture with front
electrode.
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2.3. Estimation of SRH recombination lifetime

Injected electron and hole currents eventually recombine radia-
tively or non-radiatively. Therefore, ηext is a parameter related to the
fraction of the radiative recombination and is higher in materials with
lower defect density. However, ηext has voltage/current dependence,
and is not straightforward to be used as an evaluation parameter. The
Shockley-Read-Hall (SRH) recombination lifetime τSRH can be con-
sidered as a more universal parameter.

To convert experimentally-obtained ηext to τSRH, the internal
luminescence efficiency ηint, defined by the fraction of radiative
recombination in one recombination event inside MQW, has to be
estimated. The radiative recombination rate per area Urad can be
obtained fromU P= Φ /rad EL esc, where Pesc is the probability that photons
generated inside MQW can escape out of the device's surface. The
injection current density is equal to the net recombination rate:
J q U U P U= ( + − )nrinj rad reabs rad , where Unr is the non-radiative recombi-
nation rate per area and Preabs is the probability that generated photons
are reabsorbed. Therefore, the averaged ηint becomes

∫
∫ ∫

η
U dS

U dS U dS
U

J q U P
P

J q P P
=

+
=

/ +
= Φ /

/ + Φ /
.int

rad

rad nr

rad

inj rad reabs

EL esc

inj EL reabs esc

(5)

Urad under the metal electrode, where both ΦEL and Pesc become
zero, can be estimated with U P= Φ /rad EL esc at the electrode edge [26].
Jinj and ΦEL in (5) can be obtained experimentally from the EL
measurement, and Pesc and Preabs can be calculated using an optical
model [27].

On the other hand, ηint is linked to the SRH lifetime τSRH through
the following equation:

∫
∫ ∫

η
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=

+ /[ ( + )]
,

SRH
int

MQW

MQW (6)

where BMQW is the radiative recombination coefficient, n and p are the
electron and hole concentrations, dv is the volume element. BMQW and
the current-dependent depth profile of carrier concentration (n(z, Jinj),
p(z Jinj)) can be calculated from the device simulation based on the
quasi-bulk approximation [28], and, in this way, ηint for a given τSRH
and Jinj in (6) can be estimated. The SRH lifetime can be determined as
the value of τSRH in (6) which gives the best fit with the ηint - Jinj
relation experimentally obtained on the basis of (5). Here we assume
that the non-radiative recombination is dominated by the SRH process
with deep defect states, and the SRH lifetime is the same for electrons
and holes, considering that we cannot distinguish electron and hole
lifetimes in this experiment.

3. Results and discussion

3.1. Solar cell characteristics

Fig. 2(a)-(b) shows the J-V characteristics under 1-sun illumina-
tion. The 8800-ppm-strain MQW has such poor quality that photo-
generated carriers cannot be efficiently collected even at short-circuit
condition. However, since the effective bandgap was designed to be
almost the same within each set, most cells show similar values of
short-circuit current density Jsc of 21 mA/cm2. On the other hand, they
show remarkably different open-circuit voltage Voc. MQWs with
different strains show Voc of 0.910, 0.901, 0.877, and 0.729 V,
respectively in the order of increasing strain. Voc of MQWs without
and with interlayers are 0.905 and 0.933 V in spite of their similar Jsc.
Considering that the difference in Voc is much larger than the variation
of effective bandgap, the enhancement of Voc by balancing strain and
inserting interlayers is attributed to the improvement of the crystal
quality.

This can be confirmed by the dark J-V characteristics shown in
Fig. 2(c)-(d). MQW cells with lower Voc show higher dark current with
the ideality factor of 2, confirming the assumption in Section 2.3 that
the non-radiative recombination component is dominated by the SRH
process. MQW with GaAs interlayers has sufficiently low SRH recom-
bination that the radiative component with the ideality factor of 1 could
be clearly observed. In the next sub-section, we applied the EL
measurement to confirm the above finding and to investigate the
quality in a quantitative manner.

3.2. Characterization using electroluminescence

Fig. 3 shows the EL images at 0.9 V for the MQW structures with
different strain accumulation. The strain-balanced MQW was found to

Fig. 2. J-V characteristics. (a) MQW cells with different net strain and (b) MQW cells
without and with GaAs interlayers under 1-sun illumination. The current density under
illumination was corrected by the aperture area. MQW set (c) with different net strain
and (d) with and without interlayers under dark condition. Two straight lines indicate the
ideality factors of 1 and 2.

Fig. 3. EL images of MQWs with (a) 0-ppm, (b) 3300-ppm, (c) 5000-ppm, and (d) 8800-
ppm strain at 0.9 V. The absolute photon flux indicated in the color bar was calibrated
using (4). The dark part surrounding each cell is the etched-off region. The dark pattern
inside the cells corresponds to the metal electrode.
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emit the uniform luminescence. By contrast, MQWs with non-zero net
strain show regions with relatively low luminescence corresponding to
defects, and this becomes more prominent in MQWs with larger strain.
The EL images provide the information on how defects are distributed:
the defects generated from tensile-strained InGaAs/GaAsP MQWs
prefer to align in the [110] direction. The EL images of MQWs with
and without GaAs interlayers were confirmed to be uniform without
any observable defects.

The external luminescence efficiency ηext of each sample under a
wide range of injection current density is shown in Fig. 4(a)-(b). It is
obvious from the figure that MQWs with unbalanced strain have lower
ηext than the strain balanced one, by a factor of approximately 2 for
5000-ppm strain and 200 for 8800-ppm strain. In addition, the
insertion of GaAs interlayers was found to improve the quality
significantly, agreeing well with the remarkable Voc enhancement.

Fig. 4(c)-(d) shows the internal luminescence efficiency ηint and the
fitted SRH lifetime τSRH. τSRH was estimated using the method in
Section 2.3 to be 95, 75, 34, and as low as 2 ns for the MQWs with 0-,
3300-, 5000-, and 8800-ppm tensile strain, and to be 130 ns and
360 ns for the MQWs without and with GaAs interlayers, respectively.
The discrepancy of the fitting curves possibly comes from our
assumption made in the simulation of ηint by (6) that electrons and
holes have the same lifetime and the injection current density is

uniform over the cell area. At high injection level, the EL intensity
becomes high near the metal electrode, implying that the series
resistance causes lateral voltage drop at high Jinj and the current
distribution becomes non-uniform. The tendency of τSRH observed here
quantitatively demonstrates the effectiveness of the strain-balancing
technique and the heterointerface treatment using GaAs interlayers.
The origin of this prominent improvement of ηint to close to unity and
τSRH by 3 times after the GaAs interlayer insertion has to be further
investigated; it is possibly related to the reduction of the strain gradient
at the interface [21] and the suppression of phosphorus carry over from
GaAsP layers into InGaAs layers [29].

It is worth noting that τSRH =130 ns of the MQW without
interlayers agrees well with τSRH estimated from the voltage-dependent
photocurrent component in the similar MQW structure, reported in
[28] that τSRH =170 ns. The agreement between τSRH estimated from
injection current component (EL measurement) and photocurrent
component, which are estimated with independent measurements,
confirms the accuracy of obtained SRH lifetime.

3.3. Comparison with other techniques

In this section, we characterized MQWs with other typical methods
for comparison. Fig. 5 shows in-situ reflectance of the 20-stack MQW
test samples using 443-nm-wavelength linearly polarized light. Since
substrates were rotated during the growth, DC reflectance and reflec-
tance anisotropy (RA) are given by r r( + )1

2 max min and

r r r r( − )/ ( + )max min
1
2 max min , respectively, where rmax and rmin are the

maximum and minimum reflectance during one revolution. The signal
was oscillating due to the periodicity of MQW structures. We found
that only the 8800-ppm-strain MQW shows a clear drop of DC
reflectance after the growth of the 10th stack whereas other MQWs
maintain the reflectance level through the MQW growth (Fig. 5(a)). The
transient RA (Fig. 5(b)), which is more sensitive to the surface
morphology [21], could detect a small drop during the growth of the
5000-ppm MQW as can be observed in the zoomed-in profile
(Fig. 5(c)). Furthermore, RA could detect the degradation of the
8800-ppm MQW from the early stage. This implies that RA has better
sensitivity to crystal degradation than DC reflectance; however it still
cannot detect the difference between the 0- and 3300-ppm MQWs,
which have different τSRH. Moreover, the improvement in τSRH caused
by the GaAs interlayers is not distinguishable by the transient RA.

Fig. 6 shows the ω-2θ curve from XRD measurement. The MQW
with interlayers having better crystal quality shows smaller width of
fringe peaks than MQW without interlayers (Fig. 6(b)). However,
despite poorer crystal quality, MQWs with larger net tensile strain
give smaller peak widths, which is the opposite of what one may expect
(Fig. 6(a)). This is because the XRD peak width of MQW is not
determined only by the crystal quality but as well by the MQW period.
The XRD peak width is inversely proportional to the period as can be
confirmed from the thin fitting curve in Fig. 6 assuming perfect crystal,

Fig. 4. External luminescence efficiency of (a) MQW cells with different net strain and
(b) MQW cells without and with GaAs interlayers. Internal luminescence efficiency of
MQW set (c) with different net strain and (d) with and without interlayers calculated
using (5). The solid lines show the internal luminescence efficiency simulated by (6) with
different SRH lifetimes.

Fig. 5. In-situ measurement of transient (a) DC reflectance and (b) reflectance anisotropy at 443-nm wavelength. MQWs only for this in-situ measurement were grown 20 stacks to
obtain clearer data. (c) Zoomed in reflectance anisotropy profile of the 5000-ppm-strain MQW.
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which can fit well with the measured XRD. Therefore, the comparison
of XRD peak width is not the straightforward method for evaluating the
quality of MQWs.

Fig. 7(a) shows the results from time-resolved PL (TRPL) measure-
ment under the open-circuit condition, which is the standard technique
for measuring carrier lifetime. The illumination wavelength was
784 nm, the pulse energy was 5.5 pJ, and the illumination area was
0.004 mm2. TRPL interestingly shows that the luminescence decay
time τTRPL is longer in MQWs with 3300- and 5000-ppm strain (both
τTRPL=3.0 ns) than the strain-balanced MQW (τTRPL=0.85 ns), and
becomes short again in MQW with 8800-ppm strain (τTRPL=0.90 ns).

This can be explained that the TRPL signal reflects the photo-
generated carrier density inside the MQW, which decreases by both
recombination process and escape process out of the MQW region, and
its decay time is determined by the faster process. In the strain-
balanced MQW sample, the TRPL decay time of 0.85 ns is much
shorter than the SRH lifetime of 95 ns estimated from EL measure-
ment in Fig. 4(c) and should be dominated by the escape process
assisted by the internal electric field in the p-i-n junction. The escape
becomes inefficient for thicker barriers due to the suppression of the
tunneling transport, resulting in longer decay time in tensile-strained
MQWs. The escape time eventually becomes independent of barrier
thickness when barriers are so thick that carriers can only escape
thermally. In the most strained MQW, the SRH lifetime becomes short
enough to be observed as the decrease of the TRPL decay time;
however, the TRPL decay time τTRPL=0.90 ns is still shorter than the
SRH lifetime τSRH=2 ns estimated from EL measurement as some
carriers can still escape out. By assuming that other processes are
negligible, the estimated TRPL decay time τ τ τ= 1/(1/ + 1/ )TRPL SRH esc
=1.2 ns , where the escape time τesc=3.0 ns is assumed to be the same as
the 3300- and 5000-ppm samples, gives a close value to the measured
decay time of 0.9 ns, supporting the above discussion.

This explanation holds for the decrease of decay time τTRPL from
2.6 ns to 1.1 ns after the interlayer insertion, which has been reported
to enhance the escape of photocarriers [30]. This results in the
unexpected tendency of continuous-wave PL (CWPL) intensity in
Fig. 7(b)-(c) with the illumination power of 2 mW and the same
illumination wavelength, showing that PL intensity drops after balan-
cing strain and inserting interlayers. Hence, widely used TRPL and
CWPL should be used with care when applied to MQW structures
included in p-i-n solar cells.

The above results imply that typical evaluation techniques are not
effective to detect the material quality degradation of MQWs particu-
larly when the degradation is subtle, and that the EL technique is the
suitable technique for the evaluation of MQW structures.

4. Conclusions

We introduced an electroluminescence-based evaluation technique
to investigate the material quality of MQW structures embedded in p-i-
n junction solar cells. Spatial defect distribution, external luminescence
efficiency and SRH recombination lifetime can be obtained by analyz-
ing the electroluminescence emission. As a demonstration, InGaAs/
GaAsP MQWs with different accumulated strains and with different
heterointerface designs were characterized with this technique.
InGaAs/GaAsP MQWs closer to the strain-balancing condition, as
expected, show improvement of the SRH lifetime. The SRH lifetime
shows further improvement by a factor of 3 when GaAs interlayers are
inserted between the interface of InGaAs and GaAsP, agreeing with the
significant enhancement of Voc by 28 mV. This technique was com-
pared with other typical characterization methods such as in-situ DC
reflectance, in-situ RA, XRD, TRPL, and CWPL. We found that most
characterization techniques cannot accurately evaluate the material
quality of MQWs and sometimes even give an incorrect result inter-
pretation, implying that electroluminescence is more suitable for
characterizing the quality of MQW solar cells.
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